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ABSTRACT
Detailed geologic mapping, petrologic and structural analyses, and U-Pb dating in
the Tiefort Mountains, northern Mojave Desert, California, provide constraints on
Paleozoic paleogeography and Mesozoic intra-arc tectonics. Geologic mapping in the
Tiefort Mountains was used to identify metasedimentary, metaplutonic, and undeformed
plutonic rocks. The metasedimentary rocks consist primarily of quartzose schists and
gneisses that are correlated with the late-Precambrian Cordilleran miogeoclinal-cratonal
sequence of the Johnnie Formation, Stirling Quartzite, and Wood Canyon Formation.
Recognition of Precambrian augen gneiss and metasedimentary rocks with miogeoclinal
protoliths provides new data on the location of the cratonal-miogeoclinal and
miogeoclinal/eugeoclinal paleogeographic boundaries in the Mojave Desert. The
metasedimentary units are intruded by Jurassic granite and diorite orthogneisses. Late
Jurassic mafic and felsic dikes, and Cretaceous granites and pegmatites intrude the schists,
gneisses and cross-cut structural trends.
Deformed rocks record amphibolite facies metamorphism and contractional
deformation in the Tiefort Mountains. Mylonitic foliations and stretching and mineral
lineations that developed at amphibolite facies conditions characterize the structural fabric
in the region and are related to Middle to Late Jurassic southeast-vergent ductile shear
zones. This early fabric is deformed into hroad folds about northwest- and north-trending
axes at South Tiefort and Tiefort Mountains, respectively. Pervasively annealed
microstructures indicate that metamorphism outlasted deformation throughout the Tiefort
Mountains.
U-Pb dating of representative deformed and undeformed rock units constrains the
timing of plutonism and deformation in the region. Deformation at South Tiefort Mountain
is constrained hy approximately 170 Ma deformed granite orthogneiss and undeformed
cross-cutting 148 Ma dikes that are correlated with the Independence dike swarm of Chen
and Moore (1979). At Tiefort Mountain, the age and nature of deformation are less well
constrained. U-Pb analyses from deformed diorite and synkinematic biotite granite gneiss
yield ages of 162 ± 8 Ma and approximately 105 Ma, respectively. The late Early
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Cretaceous age of the biotite gneiss indicates that a Cretaceous deformational event may
have affected rocks at Tiefort Mountain. Dikes that cross-cut all fabrics at Tiefort
Mountain are interpreted to be part of a regional 82-83 Ma intrusive event (Walker et al.,
1990b; Miller et al., 1991).
The timing of deformation and southeast-verging kinematic indicators within the
South Tiefort shear zone indicates that this feature is similar in age and kinematics to
ductile thrust faults in the Cronese Hills 20 km SE of the study area (Walker et al., 1990a).
Recognition of Middle Jurassic structures in the Tiefort Mountains suggest the presence of
a continuous belt of contractile deformation from the Central Mojave Desert and the
Cronese Hills through the northern Mojave Desert to the East Sierran thrust system north
of the Garlock Fault.
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CHAPTER 1. INTRODUCTION
The southern Cordillera has undergone a complex deformational history and many
unresolved problems still exist in the region. In the Mojave Desert, the location of the
eugeoclinal/miogeoclinal and miogeoclinal/cratonal boundaries is debated (Martin and Walker,
1991; Cooper and Fedo, 1993). The nature and extent of Mesozoic deformation is also debated.
Models of a relatively homogenous margin for hundreds of kilometers along strike have been
developed to describe the Mesozoic tectonic history of the southern Cordillera (Burchfiel and
Davis, 1975; Schweickert et al., 1984; Dunne, 1986; Walker et al., 1990a,b). In contrast, recent
workers have suggested that the margin was heterogeneous with significant along-strike
variations (Saleeby and Busby-Spera, 1992; Schermer, 1993).
The Tiefort Mountains, located in the northern Mojave Desert (Fig. 1), provide excellent
exposure of previously undifferentiated Paleozoic and Mesozoic metasedimentary and
metaplutonic rocks that record the geologic history of the Precambrian to Paleozoic passive
margin and Mesozoic magmatic arc of the Cordillera. Additionally, several paleogeographic and
structural boundaries have been proposed to extend through this region (Walker, 1988a; Martin
and Walker, 1991). Thus, the Tiefort Mountains provide an excellent setting to study the intra
arc tectonics of the northern Mojave Desert and southern Cordillera. This study combines
detailed geologic mapping, petrologic and structural analyses, and U-Pb geochronologic data
from the Tiefort Mountains to (1) determine the extent and paleogeographic affinity of
metasedimentary rocks exposed in the region, (2) provide a further understanding of the style of
deformation in the Mesozoic magmatic arc, and (3) obtain precise ages of plutonic rocks to
constrain the timing of deformation and metamorphism in the Tiefort Mountains.
GEOLOGIC BACKGROUND
The late Proterozoic and Paleozoic western margin of North America was a west-facing,
passive margin where miogeoclinal and cratonal facies rocks were deposited (Hamilton and
Myers, 1966, Burchfiel and Davis, 1975, Walker, 1988a). Stmctural features and lithologic
boundaries from the Paleozoic passive margin trend south from Alberta, Canada, to southern
Nevada and then southwest through the Mojave desert (Fig. 2). Reconstructions of the Paleozoic

GENERALIZED GEOLOGIC MAP OF THE NE MOJAVE DESERT

Fig. 1 Generalized geologic map of the Northeast Mojave Desert (Jennings, 1962). The location
of Figure 5 is outlined by the box. DLF, Drinkwater Lake fault; MLF, McLean Lake fault; NLF,
Nelson Lake fault; FTF, Fort Irwin fault; TMF, Tiefort Mountain fault, BLF, Bicycle Lake fault;
CCF, Coyote Canyon fault; GL, Goldstone Lake; RPL, Red Pass Lake; AWM, Avawatz
Mountains; FI, Fort Irwin; TM, Tiefort Mountain.
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margin by Burchfiel and Davis (1981) and Walker (1988a) show that this margin (Fig. 2) was
truncated in the Permian by northwest-trending left-lateral strike-slip faulting and the margin was
reoriented to a northwest-southeast trend. Stone and Stevens (1988) suggest this truncation event
took place in Early Pennsylvanian to late Early Permian time. During the early Mesozoic, the
western margin of North America was further disrupted by the initiation of a convergent plate
margin. In the southern Cordillera, Andean-type subduction began as early as the Late Permian
to Early Triassic, and was fully developed by the Jurassic (Saleeby and Busby-Spera, 1992). This
subduction built the Mesozoic continental magmatic arc that is exposed from British Columbia to
Mexico.
In the Late Jurassic, the northwest-trending 148 Ma Independence dike swarm intruded as
a widespread plate margin-scale event (Fig. 3; Chen and Moore, 1979; James, 1989). The
Independence dike swarm indicates a transtensional or extensional regime for the Cordillera
during this time (Karish et al., 1987; James, 1989). This widespread feature of the Cordillera is
important in distinguishing pre-Late Jurassic from Cretaceous intrusive rocks and cross-cuts
several proposed terrane boundaries (James, 1989).
Since the Late Jurassic, several additional deformational events have affected the Mojave
Desert. Widespread Cretaceous granites intruded the Mojave Desert (Karish et al., 1987), and
evidence for Cretaceous deformation has become more widespread (Jacobson et al., 1988;
Fletcher and Karlstrom, 1990; Laubach et al., 1989; Jacobson, 1990; Miller et al., 1992; Boettcher
and Walker, 1993). Tertiary extension in the Mojave Desert is well documented (Glazner and
Bartley, 1984; Dokka, 1986; Glazner et al., 1989; Walker et al., 1990c). Additionally, Late
Cenozoic strike-slip faults have displaced rocks and structural trends in the region (Garfunkel,
1974; Carter et al., 1987; Dokka and Travis, 1990).
Problems in interpretation of Mojave Desert tectonics and geologic history
Controversy exists over the position and original tectonic significance of the
eugeoclinal/miogeoclinal boundary in the Mojave Desert. Restoring Tertiary deformation of this
boundary involves removing dextral displacement on late Cenozoic strike-slip faults and
extension on the middle Miocene central Mojave metamorphic core complex (Bartley et al., 1990;
Glazner et al., 1989; Walker et al., 1990c; Martin and Walker, 1991; Martin et al., 1993). The
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Precambrian Basement

Late Precambrian
to Mississippian
Paleogeographic Trends

Eugeoclinal Northwestern
Mojave rocks

87/86si-

Limit of

Fig. 2 Late Precambrian to Mississippian paleogeogr^hic trends after Walker, 1988. Antler
erogenic highland is composed of eugeoclinal rocks. o7/86si- ijne represents the western limit of
rock that is considered Precambrian basement in the subsurface. Eastern limit of Ordovician
rocks is the bounda^ between cratonal and miogeoclinal rocks. SAF=San Andreas fault,
SBM=San Bernardino Mountains, EPM=E1 Paso Mountains, GF=Garlock fault.
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Fig. 3 Cartoon map showing areas of Mesozoic extensional and contractional deformation and
the Independence dike swarm. The ovals are areas of Mesozoic contraction. TM=Tiefort
Mountains, CH=Cronese Hills, AM=Alvord Mountain, EM=Iron Mountain, East Sierran thrust
system denoted by thmst symbols, GS=Goldstone, LM=Lane Mountain, SB=San Bernardino
Mountains, CM=Cowhole Mountains.
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magnitude of dextral displacement on strike-slip faults is presently considered to be between 40
km and 60-65 km (Dokka, 1983; Dokka and Travis, 1990). It is also debated whether the
eugeoclinal-miogeoclinal boundary is a strike-slip fault or a contact that was modified by thrust
faulting which placed eugeoclinal rocks above miogeoclinal rocks (Walker, 1988a; Glazner et al.,
1989).
Presently, cratonal and miogeoclinal facies boundaries trend southwest from northern
Nevada into California. These facies boundaries are difficult to discern in the Mojave Desert due
to limited outcrops of Late Proterozoic and Paleozoic sedimentary rocks. The rocks are also
typically exposed as metamorphic pendants deformed during Paleozoic and Mesozoic
deformational and intrusive events. Intense metamorphism and deformation of these pendants
have destroyed fossil evidence, limiting age determinations. Therefore, paleogeographic
affinities and age assignments in this thesis are based on correlations with similar lithologic
packages exposed and dated elsewhere (e.g. Walker, 1988b; Martin and Walker, 1991; Boettcher
and Walker, 1993).
Eugeoclinal rocks have apparently been displaced southward from the Antler orogenic
highland into the Mojave Desert (Fig. 2; Burchfiel and Davis, 1981; Walker, 1988a). North of
the Garlock Fault the boundary between eugeoclinal and miogeoclinal rocks is observed within
the East Sierra Thrust System (Dunne, 1986; Fig. 3). South of the Garlock Fault, eugeoclinal
facies rocks were thought to be emplaced by strike-slip faulting during truncation of the passive
margin (Burchfiel and Davis, 1981). Glazner and others (1989) suggest Miocene extension in the
Mojave Desert displaced the original miogeoclinal-eugeoclinal boundary. Reconstruction of
extension by Glazner and others (1989) indicates that eugeoclinal rocks lay above miogeoclinal
rocks and thus may have been juxtaposed by thrusting.
In the Mojave Desert, Martin and Walker (1991) place the regional miogeoclinal/
eugeoclinal boundary between the Goldstone region and the Tiefort Mountains on Fort Irwin
(Fig. 4). West of their boundary in the Goldstone and Lane Mountain regions. Miller and Sutter
(1982) mapped allochthonous eugeoclinal rocks. To the east of this boundary, Byers (1960)
mapped the South Tiefort Mountain region (Fig. 4) as undifferentiated Paleozoic metamorphic
rocks. Martin and Walker (1991) interpreted these rocks to be similar to transitional
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Upper Precambrian and Paleozoic
miogeodinal/cratonal rocks

_
^

Paleozoic eugeoclinal rocks(?) and/or
Upper Paleozoic borderland deposits

Mesozoic granitic plutons

Upper Paleozoic borderland rocks

Metamorpliic rocks (age unknown)

Mesozoic sedimentary and
volcanic rocks

Paleozoic eugeoclinal rocks

Mesozoic mafic plutonic rocks

xIN

Late Jurassic Independence
dike swarm

Fig. 4 Regional pre-Tertiary geologic map of the Mojave Desert showing miogeoclinaleugeoclinal boundary (thin shaded line), miogeoclinal-cratonal hinge line and zone of Middle to
Late Jurassic contractile deformation (thick shaded line) from Martin and Walker, 1991.
GM=Granite Mountains, TM=Tiefort Mountains, PM=Providence Mountains.
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rocks in the Lane Mountain area "although no formal correlations or age assignments have been
suggested". The present study characterizes the rocks in the Tiefort Mountains and assigns
preliminary paleogeographic affinities to the metasedimentary rocks, thus providing new data on
the location of eugeoclinal, miogeoclinal, and cratonal facies rocks and their boundaries.
The Mesozoic deformational history of the Mojave Desert is not fully understood or
agreed upon. Middle to early Late Jurassic contractional and extensional structures are
documented in the Mojave desert (Fig. 3; Schermer, 1993). Contractional deformation between
170 Ma and 150 Ma in the southwest and central Mojave desert is documented by several
workers (Walker et al., 1990a,b; Miller et al., 1991; Boettcher and Walker, 1993; and Martin,
1992). Busby-Spera (1988) and Busby-Spera et al. (1990) suggest that extensional tectonics
dominated Triassic to Jurassic deformation as evidenced by the preservation of thick volcanic
sequences. Mesozoic extensional features are documented to the east of the Tiefort Mountains in
the Cowhole-Old Dad Mountains and to the south in the Victorville region (Busby-Spera et al.,
1989, 1990; Saleeby and Busby-Spera, 1992; Schermer, 1993).
Recent work in the southern part of the magmatic arc suggests that apparently coeval
contraction and extension are due to a heterogeneous continental margin with significant alongstrike variations in deformation style (Schermer and Busby-Spera, 1989; Busby-Spera et al.,
1990; Schermer, 1993). In contrast, others suggest models of a relatively homogeneous
extensional (Karish et al., 1987; Busby Spera, 1988) or contractional (Walker et al., 1990a)
margin for hundreds of kilometers along strike. Busby Spera et al. (1990) and Saleeby and
Busby-Spera (1992) suggest that the Mojave extensional features occupied a transitional tectonic
position between the transpressional Sierra Nevada to the north and a transtensional region to the
south. These workers suggest that Middle to Late Jurassic contractional deformation in the
Mojave segment of the arc was not intense or widespread and that many of the contractional
features once thought to be Jurassic are now known to be Late Paleozoic or Cretaceous. Saleeby
and Busby-Spera (1992) further suggest that the Mojave Desert occupied a sinistral
transpressional tectonic environment with local regions of contractional deformation after
approximately 155-150 Ma. Schermer (1993) provides evidence that sinistral oblique subduction
may have been begun earlier, possibly as early as 165 Ma.
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In the Cronese Hills and at Alvord Mountain, south of the Tiefort Mountains,
contractional structures are mapped (Fig. 5, Walker et al., 1990a; Miller et al., 1991). Mesozoic
contractional structures are also mapped further south and to the west at Iron Mountain (Boettcher
and Walker, 1993). Additional contractional structures are mapped in the Shadow Mountains to
the southwest of the Tiefort Mountains, though this deformation may be Permian in age (Martin,
1992). Shortening in the Cronese Hills, Alvord Mountain, Iron Mountain, and possibly in the
Shadow Mountains are considered to be part of a middle to Late Jurassic contractile belt that
extends from the Mojave to north of the Garlock fault. This belt of shortening is termed the East
Sierra Thrust System (ESTS; Fig. 3; Dunne, 1986). After removal of 60 km of left-slip on the
Garlock fault (Smith, 1962, Smith and Ketner, 1970), the ESTS is predicted to extend into
northern Fort Irwin through the Tiefort Mountains (Fig. 3) to connect northern and southern
contractional structural regimes. Thus, the Tiefort Mountains are an ideal place to assess tectonic
models that predict Jurassic shortening in the Mesozoic arc.
The timing of events is critical to determining the tectonic history of the southwestern
Cordillera. Three distinct events are recognized west of the Tiefort Mountains in the GoldstoneLane Mountain area. The first deformation recorded occurred prior to 253 Ma (Miller and Sutter,
1982). Subsequent deformation occurred during intrusive events at about 148 Ma and 85-90 Ma
(Miller and Sutter, 1982). The 148 Ma Independence dike swarm, when present, aids in
differentiating between Jurassic and Cretaceous plutonic rocks and may be used to provide limits
on the timing of deformation (Chen and Moore, 1979; Karish et al., 1987; James, 1989). North of
the Garlock Fault, the Independence dike swarm both cross-cuts and is locally involved in
Mesozoic shortening on the ESTS (Dunne, 1986). South of the Garlock fault, a northwest
trending dike swarm of unknown age in the Granite Mountains is considered to be part of the
regional Independence dike swarm (Fig. 5; Smith and Ketner, 1970). Martin and Walker (1991)
reported tentative dates of undeformed dikes at South Tiefort Mountain as 148-150 Ma (discussed
further below) suggesting they may be related to the Independence dike swarm. Cross-cutting
relationships and U-Pb geochronology from the Tiefort Mountains were implemented in this
study to constrain the timing of deformation and metamorphism.
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Fig. 5 Geographic location map of the Tiefort Mountains and local area. Plates I and II are
indicated by the outlined areas. TM=Tiefort Mountain, STM=South Tiefort Mountain,
BL=Bicycle Lake, BLH=Bicycle Lake hill, TMF=Tiefort Mountain fault, FI=Fort Irwin,
GSF=Garlic Spring fault.
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CHAPTER 2. LITHOLOGIC DESCRIPTIONS
Introduction
Geologic mapping and geochronologic analyses in this study indicate that the Tiefort
Mountains consist of metasedimentary and metavolcanic schists and gneisses, with Precambrian
to early Paleozoic protolith ages, preserved as screens within and at the margins of heterogeneous
Middle to Late Jurassic plutonic rocks. Two orthogneisses, interpreted to be syntectonic
granitoids, intrude the schists and gneisses at separate localities. The schists, gneisses, and
orthogneisses exhibit a penetrative mylonitic foliation and lineation interpreted to have developed
at upper greenschist to amphibolite grade metamorphic conditions. Deformed rocks at South
Tiefort Mountain are intruded by undeformed Late Jurassic felsic and mafic dikes. Deformed
rocks at Tiefort Mountain are intruded by Cretaceous aplite dikes and granite. The dikes from
both areas cross-cut structural fabrics. Porphyritic and equigranular undeformed granites,
interpreted to be Cretaceous in age, and late Cretaceous pegmatite dikes intrude foliated rocks in
the Tiefort Mountains. Additionally, Miocene(?) dikes cross-cut Cretaceous and older rocks.
This section will describe hand sample and thin section petrology and petrography of
lithologic units in the Tiefort Mountain area. Abbreviations are keyed to map units (Plates I and
II). Detailed mineral assemblages are tabulated in Appendix I. These descriptions are followed
by a discussion of correlation of rocks with those in adjacent regions.
Foliated Rocks
Basement
Augen Gneiss tgnl
Very coarse grained, quartzo-feldspathic augen gneiss crops out as a semi-continuous, 030 meter wide, belt of rock in the central portion of South Tiefort Mountain (Plate II). The augen
gneiss contains feldspar + biotite + quartz + opaque ± sphene ± epidote. Flattened feldspar
augen, ranging from 1.0 to 8.0 cm in length, are bordered by recrystallized masses of fine-grained
feldspar, quartz, and biotite. Biotite occurs as fine- to medium-grained (0.1-1.5 mm), subhedral
to euhedral, platy, recrystallized grains. Quartz primarily forms flattened ribbons and elongate
aggregates of recrystallized grains. The augen and recrystallized quartz and biotite are aligned
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parallel to the foliation and define the lineation. Gneissic layers within the unit are internally
folded (Fig. 6).
Field relations and U-Pb age data indicate the augen gneiss is the oldest unit in the study
area. The western boundary of the gneiss is a sharp contact with a distinctive marble horizon.
The South Tiefort Orthogneiss and Cretaceous granite (see below) intrude the eastern boundary
and the contact between augen gneiss and marble (Plate II). U-Pb dating of the gneiss yields a
Precambrian age of 1399 ± 8 My (Chapter 4). This age together with the lithologic characteristics
suggests the gneiss represents Precambrian North American cratonal basement (Miller, 1981a,b).
Metasedimentary and Metavolcanic Rocks
Marble (mr')
Foliated white and gray coarse-grained marble crops out as a continuous NNW-trending
band in sharp contact with the Precambrian augen gneiss and as discontinuous thin layers
interbedded with hornblende biotite schist, quartz biotite schist, and amphibolite at the west end
of South Tiefort Mountain (Plate II). Within the continuous band of marble, silty layers are
isoclinally folded. The marble is primarily composed of recrystallized, coarse-grained, twinned
calcite and, locally, minor dolomite. Less pure samples from thin marble screens contain more
diverse mineral assemblages. Epidote, sphene, and scapolite are common in the samples, while
quartz, tremolite, diopside, forsterite, muscovite, and phlogopite are also observed. Tremolite,
observed only in thin section, occurs as small, clear euhedral grains. Forsterite occurs as
extremely small (0.3 mm), round, green to black grains in hand sample tuid as small, rounded,
cloudy grains with black coronas in thin section. Quartz occurs as anhedral grains exhibiting
strong undulatory extinction. Diopside is present as small, round subhedral grains.
Hornblende biotite schist thbsl
Fine- to medium-grained hornblende biotite schist crops out as pendants at the western
end of South Tiefort Mountain and east-central Tiefort Mountain. Hornblende biotite schist also
occurs as scattered inclusions up to 100 m^ within the monzonite complex at South Tiefort
Mountain and the diorite complex at Tiefort Mountain. The smaller bodies at South Tiefort
Mountain contain folded layers defined by variation in grain size and are interbedded with marble
and quartz biotite schist layers. This layering and intercalation with other metasedimentary rocks
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b)

Fig. 6 a) Outcrop photograph of the augen gneiss showing isoclinal folds of compositional
layers, b) Hand sample photo of augen gneiss. Feldspar augen range from 1 to 8 cm in length.
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Fig. 7 Photo and overlay from Tiefort Mountain looking to the north-northeast. Hornblende
biotite schist outcrops as prominent dark band on hillslope across the wash from where this photo
was taken. The foreground is dominated by diorite orthogneiss that comprises the majority of
eastern Tiefort Mountain. Pink traces cross-cutting the diorite orthogneiss and hornblende biotite
schist are Cretaceous pegmatite dikes. The trace of the Tiefort Mountain fault can be seen
following the road in the background.
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suggest a sedimentary origin for at least some of the hornblende biotite schist, but a layered
igneous protolith cannot be mled out. The rock weathers very dark brown to black with
prominent hornblende porphyroblasts on weathered surfaces. The outcrop pattern at South
Tiefort Mountain is controlled by a NW-striking, steeply dipping foliation (Plate II). At Tiefort
Mountain, a thin layer of hornblende biotite schist occupies a west-facing dip slope as a
prominent band of dark rock (Fig. 7; Plate I). The unit has a well developed schistose texture
with closely spaced foliation and moderate to well developed lineation.
The primary constituents of the rock are hornblende (10-20%), biotite (10-15%),
feldspars (40-60%), quartz (30-45%), with sphene, epidote, allanite, apatite, and zircon as
accessory minerals. Subhedral elongate plagioclase and hornblende and euhedral biotite occur
aligned in foliation planes. Plagioclase exhibits slightly deformed albite twins and has little to no
recrystallization at grain boundaries. K-feldspar typically is cloudy in plane polarized light and
exhibits greater recrystallization at grain boundaries than plagioclase. Subhedral hornblende
typically lies parallel to the lineation, but locally the orientation is random or appears to be in two
directions. In thin section, recrystallized biotite wraps around feldspar porphyroclasts and
overgrows hornblende. Quartz exhibits slight to moderate undulatory extinction. Fine-grained
subhedral sphene is localized in foliation planes and typically is associated with hornblende.
Apatite forms euhedral grains overgrowing biotite. Subhedral allanite crystals are present with
epidote coronas. Epidote and chlorite replace plagioclase, biotite, and hornblende and there is
minor sericite alteration of plagioclase.
Ouartzose Metasedimentarv Rocks
Quartz-rich schists, interpreted to be metasedimentary rocks, crop out as pendants up to a
square kilometer in extent and smaller inclusions within deformed plutonic units at South Tiefort
Mountain and Tiefort Mountain (msq, qbs, gbs, ms. Plates I and II). The quartz-rich schists
appear as compositionally layered units with local lenses of hornblende biotite schist and
amphibolite. Compositional layering is parallel to foliation and controlled primarily by the
variation in abundance of hornblende, quartz, and biotite. Layers of partial melt defined by
granitic lenses occur parallel to the compositional layering and foliation. Partial melt btuids are
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observed primarily in quartz biotite schist and are more abundant at Tiefort Mountain than South
Tiefort Mountain.
Two distinct subunits of the quartz-rich sediments are mapped separately when their size
allows. When not large enough to map separately, the subunits are mapped with hornblende
biotite schist and amphibolite as undifferentiated metasedimentary rocks (ms). In decreasing
abundance, the subunits of quartz-rich schists include: 1) quartz biotite schist and 2) quartzite.
Quartz biotite schist (qbs & gbs)
Quartz biotite schists (Fig. 8) occur throughout the Tiefort Mountain in small bodies and
comprise the majority of the undifferentiated unit (Plates I and II). The schists are fine-grained,
friable and contain a strong schistose texture. The majority of samples have a weak to well
developed lineation and locally contain a crenulation cleavage.
The unit consists of quartz (25-40%), feldspar (25-55%), biotite (10-30%), hornblende (05%), muscovite (0-15%), ± garnet. Accessory minerals include sphene, apatite, an opaque,
epidote, and chlorite. Thin section analyses indicate that the schist contains more feldspar than is
evident in the field. Flattened feldspar porphyroblasts exhibit patchy extinction. Quartz, biotite,
hornblende, and rarely muscovite, ranging from 0.5 mm to 5 mm in size, define the foliation.
Hornblende boundaries are typically embayed. Rare garnet appears as fractured, 2 mm to 2 cm,
poikilitic grains containing biotite, feldspar, and opaque inclusions. At the western edge of South
Tiefort Mountain, garnet is more abundant and is mapped as garnet biotite schist where
appropriate. Fractures are typically filled with biotite. Garnet edges are heavily corroded with
quartz, biotite, and feldspar invading the garnet. Chlorite replacement of biotite and hornblende
and sericite alteration of plagioclase are common.
Quartzite (rnsq!
The largest mapped unit of quartzite lies on the southern side of South Tiefort Mountain
(Plate I). Here the quartzite weathers into resistant, reddish colored, blocky outcrops with
layering defined by variations in grain size and abundance of feldspar (Fig. 9). Qther smaller
exposures of quartzite weather gray, brown, and white.
The quartzite subunit contains abundant quartz (>65%), minor biotite (<10%), and
variable amounts of feldspar (5-25%). The quartzite that weathers gray and white is almost pure
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Fig. 8 Hand sample photo of quartz biotite schist perpendicular to the foliation and parallel to the
lineation. Small white grains are quartz and feldspar.

Fig. 9 Outcrop photo of quartzite at South Tiefort Mountain showing quartz and feldspar
compositional layers (quartz is red or brown and feldspar is pink or white). Photo is taken at
sample location 91-St-llK looking to the southeast.
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quartz (>90%) and contains little to no feldspar. Quartz and feldspar occur as ribbons of flattened
and elongate grains parallel to compositional layers in hand sample and outcrop. Biotite occurs
as small recrystallized interstitial books aligned with their (001) planes subparallel to quartz and
feldspar ribbons. Chlorite commonly replaces biotite.
Amphibolite Schist
Black, coarse-grained amphibolite schist occurs at South Tiefort Mountain interlayered
with the quartzose metasedimentary rocks and marble. Based on their occurence with the
metasedimentary rocks, these schists are interepreted to have sedimentary protoliths. Outcrops of
amphibolite are typically thin and friable and occur in only small unmappable bodies.
The major constituents of the unit are hornblende (15-65%) -i- plagioclase (25-70%) +
sphene (0-1%) -t- chlorite (0-5%) + quartz (0-10%). Hornblende occurs as prismatic grains
parallel to well developed foliation planes. Plagioclase occurs as inclusions within hornblende
and as interstitial grains. Sphene occurs as coarse euhedral grains and small aggregates parallel to
the foliation.
Metavolcanic rocks (mv~)
Small bodies of gray to brown, fine to coarse grained, porphyritic rock crop out at South
Tiefort Mountain and Bicycle Lake hill (Fig. 4). The most prominent of these bodies lies at South
Tiefort Mountain where sample Mv was collected (Plate III, Appendix I). The rock lies in a gully
as a layered sequence approximately 10 meters in thickness perpendicular to foliation and
continues along strike for approximately 15 meters. The layers range from 0.1 to 1.0 meters in
thickness. Recrystallization of the unit varies from minor, where plagioclase retains igneous
zoning, to annealed where plagioclase is recrystallized and exhibits a granoblastic texture. Zoned
plagioclase grains are interpreted to be relict phenocrysts.
The rock is generally quartz poor and has an intermediate composition. The unit contains
hornblende (10-35%) + plagioclase (40-65%) + biotite (10-20%) -i- quartz (0-20%) -i- K-feldspar +
epidote + opaque ± muscovite ± sphene ± zircon ± apatite. Euhedral hornblende grains and
biotite plates define a moderate- to well-developed foliation. The lineation, where developed, is
defined by parallel, subhedral to euhedral hornblende crystals and recrystallized feldspar and
quartz aggregates. Chlorite occurs as a retrograde mineral replacing both hornblende and biotite.
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Epidote overgrows biotite and occurs with muscovite replacing the cores of plagioclase. The
porphyritic texture with relict plagioclase phenocrysts and breccia clasts in some layers suggest a
metavolcanic interpretation for this unit.
Magnetite muscovite quartz schist
Well foliated magnetite muscovite quartz schist occurs in metasedimentary units in the
east central part of South Tiefort Mountain (Sample # 91 St-6, Appendix I, Plate III) and at the
western end of Tiefort Mountain (near St-99, Appendix I, Plate IV). The schist, and locally
gneiss, occurs at the margins of the Cretaceous granite and Tiefort Mountain plutons in small
bodies that were not mapped separately. The lithologic association and contact relations lead to
an interpretation that the rocks were contact metamorphosed at the margin of the pluton. Locally
a moderate- to well-developed crenulation cleavage is present at high angles to the foliation
(Fig. 10).
The rock is composed of quartz (35-40%) + muscovite (20-30%) -i- feldspar (20-25%) +
biotite (5-10%) + magnetite (3-5%). Quartz and feldspar occur as flattened porphyroblasts and
ribbons. Muscovite and biotite occur as 1-5 mm platy grains oriented with their (001) direction in
the foliation plane. Muscovite and biotite are deflected around quartz porphyroblasts and folded
by a crenulation cleavage. Magnetite occurs as subhedral to euhedral 0.1 to 1.5 cm sized grains
that overprint the foliation (Fig. 11).
Dumortierite sillimanite gneiss
Dumortierite sillimanite gneiss lies at the west margin of the Tiefort Granite where
sample St-99 was collected (Appendix I, Plate IV). The gneiss is interlayered with quartz-rich
metasedimentary rocks, massive quartz veins, and amphibolite parallel to the margin of the
Tiefort Mountain Granite. The dumortierite sillimanite gneiss is found only in one locality, but is
described here because of its regional characteristic occurrence with Jurassic granitoids (Tosdal et
al., 1989).
The rock is composed of sillimanite (30-60%) + feldspar (20-35%) + quartz (10-30%) +
opaque (3-10%) + dumortierite (1%) + muscovite + rutile. Feldspar and quartz occur in flattened
ribbons defining a well-developed foliation. Bladed sillimanite occurs subparallel to parallel to
quartz and feldspar ribbons. Fibrolitic sillimanite occurs as mats of radial sprays that overprint
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Fig. 10 Crenulation cleavage in magnetite muscovite schist, a) Si is foliation interpreted to have
developed under regional deformation. S2 is an axial planar cleavage formed by the crenulations.
b) Liis a mineral lineation formed by elongate quartz and feldspar grains. L2 is formed from the
intersection of the axial trace of the crenulations and S1.
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Fig.l 1 a) Hand sample photo of magnetite in the magnetite muscovite quartz schist. This sample
displays gneissic texture b) Photomicrograph of magnetite overprinting biotite and quartz and
feldspar ribbons. Field of view is 4.5 x 6.0 mm. Qtz=quartz, Mag=magnetite, Feld=feldspar,
Bt=biotite.
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Fig. 12 Photomicrograph of dumortierite sillimanite gneiss. Sillimanite occurs as blades and as
fibrolite mats. Field of view is 4.5 x 6.0 mm. Du=dumortierite, Sil=Sillimanite, Qtz=quartz,
Feld=feldspar.
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quartz and feldspar ribbons. Sky blue dumortierite replaces sillimanite edges (Fig. 12).
Magnetite overprints both varieties of sillimanite. The presence of dumortierite in the gneiss is
interpreted to indicate the gneiss was metamorphosed in a hydrothermal zone at the margin of the
Tiefort Mountain pluton.
Foliated Plutonic Rocks
South Tiefort Orthogneiss tmz. mmz. and mmgl
The South Tiefort Orthogneiss is a dark gray to brown, heterogeneous plutonic complex
comprising a large portion of South Tiefort Mountain (Plate I). Metasedimentary rocks,
hornblende biotite schist, amphibolite, and metavolcanic rock occur as screens within this
plutonic complex. The composition of the plutonic rock is variable on the scale of a few meters
and ranges from diorite through monzonite and granodiorite to granite. The contacts between
these subunits are generally gradational, but locally sharp contacts exist. The rocks typically
occur as low, rounded, bouldery outcrops. The pluton is moderately to strongly dynamically
recrystallized throughout with protomylonitic to mylonitic textures developed. Three distinct
subunits are located within the study area. These are, in decreasing abundance: 1) an
equigranular granodiorite to quartz monzodiorite (mz), 2) a megacrystic granite (mmg), and 3) a
megacry Stic quartz monzodiorite (mmz). Examination of locally sharp contacts suggest a
tentative age relationship placing the megacrystic quartz monzodiorite (mmz) as the earliest phase
and the megacrystic granite (mmg) as the youngest phase. U-Pb dating of the equigranular
granodiorite to quartz monzodiorite (mz) yields an age of 178 ± 8 Ma (see Chapter 4).
Equigranular gneiss and megacrystic gneiss tmz & mmz~)
Medium to coarse grained equigranular granodiorite to quartz monzodiorite (mz) and
coarse grained megacrystic quartz monzodiorite (mmz) constitute a major portion of the map area
at South Tiefort Mountain (Fig. 13; Plate I). These units contain plagioclase (35-60%) -i- Kfeldspar (15-40%) -i- quartz (5-15%) + hornblende (5-15%) -i- biotite (5-15%) -i- sphene (0-1%) ±
epidote ± opaque ± apatite. Relict phenocrysts of K-feldspar and plagioclase occur as 0.5 x 1 cm
grains in the equigranular subunit and as 1x3 cm to 3x5 cm grains in the megacrystic subunit.
Elongate feldspar and quartz porphyroclasts occur as fine-grained mosaics of recrystallized grains
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Fig. 13 a) Hand sample photograph of the equigranular variety of the South Tiefort orthogneiss
(mz) b) Hand sample photograph of the megacrystic variety of the South Tiefort orthogneiss
(mmz). Sample is cut parallel to the lineation and perpendicular to the foliation.
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with a granoblastic texture. Anhedral hornblende exhibits patchy or undulose extinction and is
locally poikilitic with inclusions of feldspar, biotite, epidote, and quartz. Recrystallized biotite
clots are aligned sub-parallel or parallel to flattened porphyroclasts and aggregates of fine-grained
quartz and feldspar. Secondary chlorite is observed replacing biotite and hornblende, and epidote
replaces hornblende rims and plagioclase cores.
Megacrv.stic granite subunit!mmgl
Coarse grained megacrystic granite (Fig. 14) appears to be the youngest subunit of the
South Tiefort Orthogneiss. The eastern boundary of this unit is South Tiefort shear zone,
composed of quartz-biotite schist, ultramylonitic granite, and equigranular hornblende monzonite
(Plate I). Contacts between the megacrystic granite and other plutonic units are typically
gradational, but locally sharp contacts indicate that the megacrystic granite cuts the equigranular
and megacrystic granodiorite and quartz monzodiorite (mz and mmz). Gradational contacts are
conunonly marked by the appearance and increasing abundance of hornblende and/or the gradual
reduction of megacryst grain size. Strain in this subunit appears to vary systematically with lower
strain rocks (protomylonitic textures) exposed to the west and higher strain rocks (mylonitic
textures) exposed close to the eastern contact.
The main phases in the megacrystic granite are plagioclase (40-55%) + quartz (15-25%)
+ orthoclase (10-25%) + biotite (5-15%) ± muscovite. In order of decreasing abundance,
accessory minerals include opaque, sphene, and allanite. Orthoclase and plagioclase occur as 1-3
X

5-8 cm and 1x2 cm porphyroclasts, respectively. Feldspar porphyroclasts are surrounded by an

equigranular matrix of 0.5 cm quartz and feldspar grains. In thin section, feldspar porphyroclasts
are surrounded by fine-grained, recrystallized quartz and feldspar ribbons which wrap around the
porphyroclasts. Orthoclase porphyroclasts exhibit patchy extinction, are typically zoned, and
contain exsolution lamellae, bulbous myrmekitic intergrowths, and euhedral inclusions of zoned
plagioclase and biotite. Plagioclase occurs as zoned porphyroclasts and relict grain outlines that
are internally recrystallized into large polygonal subgrains. Muscovite occurs parallel to the
foliation and as randomly oriented inclusions in plagioclase. Euhedral allanite occurs in one
sample as small, red-brown grains with epidote rims. Alteration of biotite to chlorite and
plagioclase to sericite is common and becomes more intense from east to west.
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Fig. 14 Outcrop photo of the megacrystic granite variety of the South Tiefort Orthogneiss. Photo
is perpendicular to foliation and parallel to lineation and displays sinistral shear sense.

Fig. 15 Hand sample photo of mylonitic foliated granite from South Tiefort Mountain.
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Leucocratic Granite (fgr)
Fine to medium, equigranular, leucocratic granite (Fig. 15) intrudes the South Tiefort
Orthogneiss (Plate I). This unit primarily varies from protomylonite to ultramylonite, but
contains local regions of weakly deformed rock that cross-cut the foliation. Thus, the leucocratic
granite is interpreted to be syn-kinematic.
The granite contains plagioclase (15-40%) + orthoclase (20-40%) + quartz (20-40%) -ibiotite (3-10%) + sphene (0-1%) + opaque (0-1%). Accessory minerals include garnet,
muscovite, epidote, zircon, allanite, and epidote. Feldspar porphyroclasts exhibit patchy to
undulatory extinction and internal recrystallization into subgrains. Recrystallized biotite is
aligned sub-parallel to parallel to ubiquitous quartz ribbons that have well developed subgrains.
Recrystallized aggregates of quartz and feldspar, quartz ribbons, and biotite define the foliation
which wraps around feldspar porphyroclasts. Garnet occurs as rounded and broken, high-relief
grains with embayed and corroded grain boundaries and is interpreted to be pre-tectonic.
Muscovite is developed in cracks within feldspar grains and at the interiors in sericite alteration.
Tiefort Metadiorite Tdi and mzdl
Medium to coarse grained, foliated, equigranular biotite hornblende monzodiorite
(Fig. 16) composes the majority of eastern Tiefort Mountain and forms small outcrops at South
Tiefort Mountain (Plates I and II). The composition of the plutonic complex at Tiefort Mountain
is heterogeneous and ranges from quartz monzodiorite to diorite. Separate phases within the
pluton at Tiefort Mountain were not mapped as separate units in this study. At Tiefort Mountain,
the pluton intrudes metasedimentary rocks and is intruded by the Biotite Granite, the Tiefort
Mountain Granite, and cross-cutting pegmatitic dikes. U-Pb dating of hornblende biotite
monzodiorite from Tiefort Mountain yielded an age of 162 ± 8 Ma.
Major constituents include plagioclase (30-55%) + K-feldspar (15-40%) + hornblende
(10-20%) + biotite (5-15%) + quartz (0-10%) + sphene (0-1%). Accessory alteration minerals
include an opaque, epidote, and apatite, while chlorite appears as an alteration product. In thin
section, feldspars form a well developed polygonal matrix of equant 0.15 - 0.2 mm grains
surrounding K-feldspar and hornblende porphyroblasts. Cloudy poikilitic K-feldspar grains
contain inclusions of plagioclase and biotite. Plagioclase constitutes part of the polygonal matrix.
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Fig. 16 Diorite orthogneiss from Tiefort Mountain

Fig. 17 Syntectonic granite from Tiefort Mountain
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but porphyroblasts with albite twinning are also present. Plagioclase is optically negative with
anorthite contents between An25 and An30. Elongate quartz grains that aid in defining the
foliation contain 0.5 - 1.0 mm subgrains that display undulatory extinction. Hornblende grains up
to 4 mm long define the foliation, contain numerous small inclusions of feldspar and quartz,
generally have embayed grain boundaries, and occasionally display undulatory extinction and/or
twinning. Optic figures indicate compositional ranges between 30 and 60 percent mole %
Fe+Mn/Fe+Mn+Mg (Deer et al., 1966, Nesse, 1991). Euhedral, 0.1 mm to 0.5 mm, brown biotite
grains are parallel to the foliation and interstitial between polygonal feldspar grains. Sphene
forms euhedral crystals and anhedral recrystallized aggregates retaining diamond-shaped outlines.
Biotite and hornblende exhibit minor alteration to chlorite and sericitic alteration of plagioclase is
also present.
Biotite Granite (sfgr)
Well foliated, medium to coarse grained, equigranular, gray to yellow, biotite granite
crops out on the south side of Tiefort Mountain as roughly north-trending 10-80 meter wide
elongate bodies that are interpreted to be syntectonic dikes (Fig. 17, Plate II). This granite
intmdes the Tiefort Mountain metadiorite complex and is cross-cut by NE-trending pegmatite and
granitic dikes. The margins of the granite contain inclusions of the Tiefort Mountain diorite and
send small apophyses into the diorite. Diorite inclusions within the granite are aligned parallel to
the contacts between the two units.
The unit contains K-feldspar (40-55%) + plagioclase (20-25%) + quartz (20-30%) +
biotite (8-10%) + sphene (0-1%) as major constituents. Accessory minerals include magnetite,
apatite, epidote, muscovite, zircon, and a reddish brown opaque (hematite?). Anhedral,
orthoclase porphyroclasts, elongate quartz, flattened plagioclase, and green-brown, subhedral to
euhedral biotite lie in the plane of foliation. Bulbous myrmekitic intergrowths occur at the edges
of K-feldspar boundaries. Anhedral masses and subhedral wedges of sphene and subhedral to
euhedral magnetite overgrow biotite and plagioclase indicating late crystallization of these
minerals. Reddish-brown opaque, possibly hematite, occurs in one thin section with epidote and
muscovite as a linear band of minerals parallel to the plane of foliation. Minor alteration of
plagioclase to sericite is present.
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Minor bodies
Gabbro
Small bodies of coarse-grained, green to black hornblende gabbro occur as inclusions
within the South Tiefort Orthogneiss. The highest concentration of inclusions is found at the
western end of South Tiefort Mountain, where the gabbro crops out in several gullies. Gabbro
inclusions are not large enough to be mapped as distinct bodies, but two localities are noted by
sample numbers 9215 and 9221 (Plate III; Appendix I). Cross-cutting relations indicate that the
gabbro is younger than the metasedimentary rocks and older than the South Tiefort Orthogneiss.
The major phases in the metagabbro are hornblende (65-80%) + plagioclase (20-35%) +
sphene (0-3%). The unit is increasingly friable and much blacker with decreasing plagioclase
content. Rounded to bladed, anhedral, poikilitic hornblende are typically randomly oriented and
exhibit undulatory extinction. Anhedral plagioclase grains are twinned, zoned, and show patchy
extinction. Sphene forms anhedral to euhedral crystals that are typically broken and pulled apart.
Sericite alteration of plagioclase is nearly ubiquitous.
Weakly to Non-Foliated Plutonic Rocks
Tiefort Mountain Granite (Tgl
Medium to coarse-grained biotite granite (Fig. 18) occupies the majority of Tiefort
Mountain (Plate II). This granitic plutonic complex is composed of rock bodies with similar
compositions, but differing grain sizes and weathering characteristics. The complex intrudes
metadiorite and metasedimentary rocks at Tiefort Mountain, cross-cutting the mylonitic fabric.
The granite is locally intruded by northeast-trending = 82 Ma pegmatite dikes at Tiefort Mountain
(Plate II). The Tiefort Mountain granite weathers pink and crops out as blocky, angular boulders
and cliffs. The age of the granite is constrained by cross-cutting relations between the = 162 ± 8
Ma Tiefort Metadiorite at Tiefort Mountain and the = 82 Ma pegmatite dikes. A contact between
the Tiefort Mountain Granite and the -105 Ma Biotite Granite was not located. Thus, the age
relationship between the Tiefort Mountain Granite and the Biotite Granite is unknown. The
regional occurrence of dumortierite in the contact aureoles of Jurassic granites and in paragneiss
at the margin of the Tiefort Granite suggest a Jurassic age (Tosdal et al., 1989).

30

Fig. 18 Hand sample photo of the Tiefort granite
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The primary components of this granitic complex are quartz (30-45%) + K-feldspar (1540%) + plagioclase (20-40%) + biotite (0-10%) + muscovite (tr). Accessory minerals include
apatite, sphene, and opaque. K-feldspar typically contains quartz and muscovite inclusions and is
locally perthitic. Plagioclase is twinned, and anhedral quartz grains exhibit undulatory extinction.
Biotite occurs as randomly oriented to sub-parallel grains locally replaced by chlorite. Sericite
alteration of feldspars is almost ubiquitous.
Cretaceous Granite (Kgrl
Coarse-grained, equigranular biotite granite crops out at the west and east ends of South
Tiefort Mountain and in the eastern portion of Tiefort Mountain (Plates I and II). The granite
typically crops out as yellow-brown and orange-brown, rounded boulders surrounded by
accumulations of grus. The age of the granite is unknown, but the unit intrudes metamorphosed
plutonic rocks and cross-cuts the mylonitic fabric. The granite appears similar to Late Cretaceous
granites observed elsewhere in the Mojave Desert (Karish et al., 1987; John and Wooden, 1990;
Boettcher and Walker, 1993) suggesting a Late Cretaceous age. The relation between the
Cretaceous granite and the N- to ENE-trending pegmatite dikes is unclear. At South Tiefort
Mountain pegmatite dikes appear to die out or be cut by a fault before reaching the pluton,
making age relationships uncertain. At Tiefort Mountain NE-trending granitic dikes have similar
lithology to the Cretaceous granite but are cross-cut by the Cretaceous granite. Adjacent to the
Cretaceous granite, the country rock is not overprinted by higher temperature phases suggesting
no distinct temperature difference between the country rock and pluton during intrusion.

The

geographic location and presence of magnetite in the Cretaceous granite suggest that the
magnetite muscovite quartz schist may be related to the Cretaceous granite although the contact
relationships are not clear.
The composition of the pluton ranges from granite to granodiorite with major phases
including plagioclase (10-40) + orthoclase (25-40) -i- quartz (20-40) -i- biotite (8-15%) -imuscovite (0-1%) -f amphibole (0-1%). Subhedral to euhedral, 0.5 mm to 3 mm plagioclase
grains display albite twinning. Euhedral orthoclase ranges in size from 2 mm to 1 cm.
Orthoclase cores and plagioclase grains are commonly replaced by randomly oriented sericite.
Muscovite also occurs as interstitial randomly oriented grains. Anhedral to subhedral quartz

32

grains exhibit slight undulatory extinction and occur in the matrix surrounding feldspar.
Randomly oriented, subhedral biotite typically is partially altered to chlorite.
Cretaceous Porphvritic Granite (Kgpi
Coarse-grained, megacrystic biotite granite crops out at the east end of Tiefort Mountain
and localities outside the region mapped for this study (Plate I). At the east end of Tiefort
Mountain the porphyritic granite was observed to have a gradational contact with the Cretaceous
granite discussed above. Rounded boulders have friable surfaces with K-feldspar megacrysts that
resist weathering. Aligned megacrysts locally define a foliation that appears stronger near the
margins of the pluton. This foliation is interpreted to be a magmatic foliation. The exact age of
the granite is unknown, but is interpreted to be Cretaceous based on its relation to the Cretaceous
granite and the similar appearance to other Cretaceous granites in the Mojave Desert (Karish et
al., 1987; John and Wooden, 1990; Boettcher and Walker, 1993). At Tiefort Mountain, the
granite intrudes metadiorite and metasedimentary rocks and cross-cuts the metamorphic fabric.
The relationship between the granite and the NE-trending pegmatite dikes is unknown.
Major phases in the granite are orthoclase (20-30%) + plagioclase (20-30%) -i- quartz (3550%) + biotite (5-7%). Accessories include apatite, zircon, allanite, magnetite, tourmaline(?), and
muscovite. Chlorite occurs locally as an alteration product. Poikilitic orthoclase megacrysts that
range in size from 1cm x 1 cm to 3 cm x 6 cm contain randomly oriented inclusions of biotite and
subhedral to euhedral plagioclase grains. The megacrysts are surrounded by a 0.5-1 cm sized
equigranular matrix of anhedral quartz and subhedral plagioclase. In thin section, orthoclase
grains have embayed grain boundaries and exhibit strong zoning. Plagioclase displays normal
compositional zoning and albite twinning. Biotite is commonly altered to chlorite and the
feldspars to sericite. Muscovite occurs in sericite aggregates and with chlorite as fine-grained
plates at feldspar grain boundaries.
North-Northeast trending Dikes
North-northeast trending dikes occur at South Tiefort Mountain (Plate II). The dikes are
both felsic and mafic. The felsic dikes are garnet muscovite aplites and pegmatites, and the mafic
dikes are very fine-grained diorite (Fig. 19). The dikes range from cm-scale up to 2 meters wide.
The dikes occur isolated and as localized swarms that constitute up to 60% of the exposed rock.
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a)

Fig. 19 Felsic and mafic dikes at South Tiefort Mountain (a) Aplite dike cross-cutting foliated
granite at high angle to foliation, (b) Outcrop photo of fault that displays right lateral offset in
the Bicycle Lake fault zone. Fault offsets mafic dike that is part of the 148 ±14 Ma dike complex.
Note the mafic dike is intruded by apophyses from the Cretaceous granite which are folded
indicate folding occured after intmsion of the felsic and mafic dikes.
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Fig.20 Photo of pegmatite dikes from Tiefort Mountain. Photo taken looking to the east.
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The dikes cross-cut structural and metamorphic fabrics and pre-date dikes related to the
Cretaceous granite (Fig. 19). Aplite dikes locally contain garnet and muscovite. U-Pb dating of
garnet aplite dikes at South Tiefort Mountain yields an age of 148 ±14 Ma (see Chapter 4).
East Northeast Trending Pegmatite Dikes
An east-norftheast trending swarm of garnet pegmatite dikes cross-cuts structural fabrics
and lithologic contacts at South Tiefort and Tiefort Mountains (Fig. 20, Plates I and II). These
dikes are very coarse grained, pink dikes that range from 1 to 8 meters wide. The dikes contain
quartz + feldspar + muscovite + garnet. Perthitic orthoclase occurs as 2-3 cm sized grains with 1 3 mm plagioclase intergrowths. Garnet grains typically are less than 1 mm in diameter. U-Pb
dating of these dikes from the north side of Tiefort Mountain yields an age of =82 Ma (see
Chapter 4).
Youngest Dikes
Several hypabyssal intrusions of varying lithology were noted in the study area cross
cutting metamorphic fabrics and contacts between Mesozoic rock units (Plate I). The intrusions
are interpreted to be Miocene in age. Intrusions at Tiefort Mountain include an aphanitic, chalkywhite, felsic dike that crops out subparallel to the Tiefort Mountain fault, a very fine-grained,
orange-brown, intermediate dike, a fine-grained mafic dike, and a porphyritic andesite with radial
splays of euhedral hornblende found in scattered localities.
Correlation of the Metasedimentary package
Miogeoclinal vs. Eugeoclinal
The majority of metasedimentary rocks in the Tiefort Mountains consist of quartz biotite
schist. The quartz biotite schist is interbedded, in order of abundance, with quartzite, hornblende
biotite schist, marble, amphibolite, metavolcanic, and magnetite muscovite schist (Fig. 21). The
protoliths for these rocks appear to be dirty (clay-rich) quartz sandstones and/or gray wackes with
lesser amounts of pure quartz sandstone, arkose, limestone, and calcareous siltstones or sandy
limestones. These sedimentary rocks are interpreted to have been deposited in a miogeoclinal or
cratonal margin setting based on the present-day abundance of quartz biotite schist, quartzite, and
marble. The relative lack of calc-silicate, metavolcanic rocks, politic schists, and chert (Carr et
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al., 1981; Miller and Sutter, 1982; Walker, 1988a), which would be expected if the rocks were
from a eugeoclinal package, support this conclusion.
Correlation with units from the Miogeocline
Correlating the Tiefort Mountains metasedimentary package with units from the
Cordilleran miogeocline is difficult because the rocks have been deformed and metamorphosed at
amphibolite facies. Additionally, transposition and faulting have disrupted original contacts and
thicknesses, and a definitive stratigraphy was not recognized in the study area. Thus, absolute
stratigraphic determinations for these rocks is not possible, but relative abundance and structural
relations may be used to suggest correlative strata (e.g. Walker, 1988b).
Previous workers suggest different interpretations for the metasedimentary rocks in the
Tiefort Mountains. Byers (1960) suggests that the metasedimentary rocks were Precambrian.
Martin and Walker (1991) suggest the rocks from South Tiefort Mountain belong to the Paleozoic
eugeoclinal sequence based on similarities to rocks mapped by Miller and Sutter (1982) at Lane
Mountain. However, the Tiefort Mountains contain only rare occurrences of the calc-silicate
rocks, chert, or pelitic schists and homfels that are documented at Lane Mountain (Figs. 3, 5).
The lack of abundant carbonate in the Tiefort Mountains section indicates that any
correlation with Cambrian or stratigraphically higher rocks can be eliminated based on the
abundance of carbonate in the Cambrian miogeocline (Stewart, 1970; Stewart and Poole, 1975).
Combined with the lack of abundant carbonate, the abundance of quartz-rich schists in the Tiefort
Mountains suggest that the rocks belong to a portion of the Precambrian miogeoclinal sequence
rather than the Paleozoic sequence (Stewart, 1970). Though carbonates occur below the Johnnie
Formation in the Pahrump group, these are primarily dolomite. The lowest occurrence of a thick
limestone in the miogeocline is in the Johnnie Formation (Fig. 22; Stewart, 1970; Stewart and
Poole, 1975).
The metasedimentary rocks in the Tiefort Mountains are correlated with a portion of the
Precambrian miogeoclinal sequence consisting of Johnnie Formation, Stirling Quartzite, and
Wood Canyon Formation. Stewart (1970) and Stewart and Poole (1975) described these rocks as
they occur in less disturbed regions to the north, south, and east (Fig. 22). The Johnnie Formation
is a laterally variable sequence of shale, siltstone, quartzite, conglomerate, limestone, and
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Fig. 21 Schematic stratigraphic columns from Tiefort Mountain and South Tiefort Mountain.
Thicknesses are estimated structural thicknesses exposed in the Tiefort Mountains.
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Fig.22 Stratigraphic columns from the San Bernardino Mountains and Quartzite Mountain from
Stewart and Poole (1975).
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dolomite. The Stirling Quartzite is a cliff-forming unit composed of light colored quartzite, partly
conglomeratic, containing minor amounts of slope-forming siltstone and carbonate. The Stirling
becomes more silt-rich as it thickens to the west. The Wood Canyon sequence contains three
subunits. The Lower and Upper members of the Wood Canyon Formation are lithologically
similar and are composed of slope forming siltstone, fine grained quartzite, and minor dolomite.
The middle member consists of arkosic and locally conglomeratic sandstone and quartzite with
minor siltstone.
The protoliths of the metasedimentary rocks in the Tiefort Mountains suggest that they
correlate with the Johnnie, Stirling, and Wood Canyon sequence. The distinct marble band with
local quartzite lenses at South Tiefort Mountain is interpreted to correlate with the Johnnie
Formation. This unit lies in direct contact with the Precambrian augen gneiss. A similar
relationship was recognized at Chicopee Canyon in the San Bernardino Mountains (Stewart and
Poole, 1975). The gray quartzites at South Tiefort Mountain may represent the overlying Stirling
Formation, though no conglomerate layers were recognized and the unit is much thinner than
expected for this location. The abundant quartz biotite schist with local carbonate correlates with
the Wood Canyon Formation. I propose also that the quartzite exposure where 91Stl IK (Fig. 9,
Plate III) was collected belongs to the middle member of the Wood Canyon Formation. This
quartzite weathers pink to red and locally contains abundant feldspar (up to 25%) corresponding
to the arkosic nature of the middle member.
This correlation of strata with the Precambrian miogeoclinal section appears to fit well,
but because of thickness differences and possible structural disruption there is also a possibility
that metasedimentary rocks in the Tiefort Mountains belong to the Cambrian miogeoclinal
sequence of Wood Canyon Formation, Zabriskie Quartzite, Carrara Formation, and Bonanza
King Formation. Similar rock types identified in the Shadow Mountains, the San Bernardino
Mountains, and at Quartzite Mountain to the southeast are correlated with this upper Proterozoic
and Cambrian sequence (Stewart and Poole, 1975, Martin 1992; Cameron, 1981, 1982; Miller and
Cameron, 1982). In the Tiefort Mountains the hornblende biotite schists and quartz-biotite schists
would correlate with the Wood Canyon Formation and the quartzites with the Zabriskie Quartzite.
The marble unit would correlate with either the Cambrian Carrara or Bonanza King Formations.
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There are significant assumptions or problems with this second interpretation. This
second interpretation suggests that the marble unit at South Tiefort Mountain represents either the
Carrara or the Bonanza King Formation and that the other of these units was unrecognized or has
been tectonically removed. If the marble is interpreted to be part of the Carrara Formation,
erosion may account for the lack of the Bonanza King. If the marble unit is Bonanza King, it
must be assumed that the Carrara was tectonically removed. Interpreting the quartzite in the
Tiefort Mountains as the Zabriskie is a potential problem. Quartzite at South Tiefort Mountain
contains abundant feldspar, while the Zabriskie contains almost no feldspar grains. The Zabriskie
has the highest silica content of any of the upper Precambrian or Lower Cambrian sequences
(97%) (Stewart, 1970 p. 47). Also, the Zabriskie typically crops out as distinct white ridges of
quartzite (Stewart, 1970). In the Tiefort Mountains, only the red quartzites form distinct ridges,
while the white and gray quartzites are interbedded with schists. An additional problem is that
the Cambrian miogeoclinal units contain a significant proportion of carbonate rock relative to
quartz rich sediments, a relationship that is not observed in the Tiefort Mountains. Thus, the best
correlation of metasedimentary rocks at South Tiefort and Tiefort Mountains is with the Wood
Canyon Formation of the Precambrian miogeocline.
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CHAPTERS. METAMORPHISM
Introduction
Petrographic and microstructural analyses were used to determine the conditions of
metamorphism for metamorphic rocks in the Tiefort Mountains. Petrologic analysis attempted to
locate diagnostic mineral assemblages to determine metamorphic grade, and microstructural
analysis was used to provide approximate controls on temperature of deformation. Cross-cutting
relations and U-Pb geochronologic data constrain the timing of the metamorphism.
Mineral assemblages
In quartzo-feldspathic and mafic rocks, the boundary between the upper greenschist and
amphibolite facies is often considered to be the transition from actinolite to hornblende and from
albite to oligoclase (Maruyama et al., 1982, 1983). These transitions proceed by the reaction Act
+ Ab + Ep + Chi = Hbl + Olig. The prograde reaction yields a more aluminous amphibole and
more calcic plagioclase (An 20-50). This transition to the amphibolite facies is complicated by
the compositional discontinuities in the plagioclase and actinolite-homblende series (Maruyama
et al., 1983). In calcareous rocks, amphibolite facies metamorphism is characterized by the
presence of tremolite, diopside, or scapolite (Turner, 1989).
Diagnostic metamorphic mineral assemblages are uncommon in the Tiefort Mountains,
but where present indicate amphibolite facies metamorphic conditions. Hornblende biotite schist
and orthogneisses at South Tiefort Mountain and Tiefort Mountain contain the equilibrium
assemblage hornblende + oligoclase + quartz + biotite ± K-feldspar ± muscovite ± trace minerals
(Appendix I). Amphibolite from South Tiefort Mountain contains the equilibrium assemblage
hornblende + oligoclase ± quartz ± biotite ± chlorite ± sphene (Appendix I). Quartz biotite
schists contain the equilibrium assemblage quartz + plagioclase + K-spar + biotite ± hornblende ±
garnet ± epidote. The mineral assemblages calcite + tremolite + forsterite and calcite + quartz +
diopside + tremolite (Fig. 23; Appendix I) from two separate localities (Plate III) were observed.
Additionally, scapolite was identified in marble from South Tiefort Mountain indicating
amphibolite facies metamorphism.
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Fig.23 Photomicrograph of marble assemblage showing quartz (Qt), diopside (Di), calcite (Cc),
and clinozoisite (Clz) in equilibrium. Field of view is 4.5 x 6.0 mm.
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Metamorphic plagioclase forms as subgrains and as recrystallized grains at porphyroclast
boundaries. The anorthite component of plagioclase was measured by the carlsbad-albite twin
method and Becke line method and is estimated to be between An 15.25 and An20-35 at South
Tiefort and Tiefort Mountains, respectively. Samples from South Tiefort Mountain with An<20
are uncommon.
The widespread occurrence of amphibole and calcic plagioclase in the South Tiefort
Orthogneiss, the Tiefort Metadiorite, and metasedimentary rocks, rare garnet in the quartz-biotite
schists, and the local olivine and tremolite in marbles indicate that at least amphibolite facies
conditions were reached (Appendix I, Maruyama et al., 1983; Winkler, 1982). Samples with
anorthite content <20 are interpreted to lie in the transitional epidote-amphibolite facies rather
than the lower-temperature greenschist facies based on temperature estimates from structural
evidence (see below).
Conditions of metamorphism
Determining the exact position in P-T space of metamorphic conditions is difficult due to
the lack of appropriate mineral assemblages in metasedimentary and metaplutonic units and
because petrogenetic grids for calcite and siliceous dolomite systems are highly variable with PT-X conditions. The lack of diagnostic metamorphic mineral assemblages in the Tiefort
Mountains is attributed to inappropriate bulk chemistry to produce such assemblages.
Minimum temperatures can be obtained from quartzo-feldspathic rocks and hornblende
biotite schists. The assemblage hornblende -1- oligoclase indicates metamorphic temperatures
were greater than = 500° C (Fig. 24; Maruyama et al., 1983).
Impure marble layers provide the best constraints on P-T conditions. In order to use
marble assemblages, the fluid pressure (Pf=PH20+PC02) must be assumed. The amphibolite
facies only constrains the pressure between 2 and 8 kbars (Turner, 1989). Temperaturecomposition diagrams were generated by the computer program PTAXSS developed by Berman
et al. (1987) using ideal mineral compositions. Temperature-C02 composition diagrams are
shown at pressure values of 4 and 6 kbars, simulating possible regional metamorphic pressure
conditions (figs. 25, 26). Forsterite + calcite + tremolite in sample 9228a (Appendix I) indicates
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Fig.24 P-T graph showing reaction lines separating higher grade hornblende + oligoclase from
lower grade chlorite + actinolite + albite. Reaction lines from; l=Brown (1978), 2=Maruyama
and others (1983).
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Fig.25 T-XC02 diagram for the assemblage Calcite + Tremolite + Forsterite at 4 kbars. The
shaded region indicates the stability field for the equilibrium assemblage Ccdcite + Tremolite +
Forsterite. Lines are dashed where inferred. Cc=calcite; Dol=dolomite; Di=diopside;
Fo=forsterite; Qz=quartz; Tc=talc; Tr=tremolite.
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Temperature (C)

Mole fraction CO2 6 kbars

Fig.26 T-XC02 diagram for the assemblage Tremolite (Tr) + Calcite (Cc) + Quartz (Qt) =
Diopside (Di) + Fluids at 4 and 6 kbars.
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minimum pressures and temperatures to be within the amphibolite facies (Winkler, 1979). This
assemblage contrains temperature conditions between the reaction lines
3 Tr + 5 Cc = 11 Di + 2 Fo + 5 CO2 + 3 H2O and
Tr + 11 Do = 8 Fo +13 Cc + 9 CO2 + H2O (Fig. 24; Eggert and Kerrick, 1981).
At 4.0 kbar the assemblage calcite + tremolite + forsterite indicates temperatures between 550° C
and 650° C (Fig. 25; Skippen, 1974; Berman et al., 1987). Diopside in sample 9242 (Fig. 23)
indicates the region reached the diopside zone of the amphibolite facies. The assemblage calcite
+ quartz + diopside + tremolite (Appendix I), if in equilibrium, constrains metamorphic
conditions to the reaction line
Tr + 3 Cc + 2 Qtz = 5 Di + 1 H2O + 3 CO2 (Fig. 25).
At P=4.0 kbar the reaction line and metamorphic conditions are constrained between 450° and
600° C, while at P=6 kbar temperature rises to between 500° and 630° C (Fig. 25; Eggert and
Kerrick, 1981; Berman et al., 1987).
Structural controls on metamorphic conditions
Metamorphic minerals are recrystallized in foliation planes and form mineral lineations
that are parallel to stretching lineations. The high-grade metamorphic mineral assemblages do
not cross-cut any microstructural elements. Therefore, metamorphism is interpreted to be broadly
coeval with deformation.
Structural controls on metamorphic conditions are based on microscopic observations of
minerals. Microstructural observations of mineral morphology provide ball park controls on the
temperature of metamorphism (Table 1; Simpson and DePaor, 1991). Ductile deformation of
feldspar includes preferred orientation of grains (Fig. 27), core and mantle structures, myrmekitic
intergrowths in K-feldspar (Fig. 28), and subgrain recrystallization (Fig. 28). Feldspars typically
show a preferred grain orientation with recrystallization in pressure shadows. Recrystallization at
plagioclase boundaries is common. Where K-spar is observed bulbous myrmekitic intergrowths
intrude the grains. Feldspar subgrains are typically strain-free, but show rare undulatory
extinction and sutured boundaries. In my Ionites and ultramylonites, feldspar subgrains are
recrystallized into equant polygonal grains. Quartz is typically recrystallized into polygonal
subgrains that display lattice preferred orientation and complete recovery with no internal strain
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Fig.27 Hand sample photo of South Tiefort Orthogneiss showing preferred orientation of
feldspcir porphyroclasts. Feldspars are tilted and recrystallized sub-parallel to foliation.
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Fig.28 Photomicrographs showing examples of ductile deformation of feldspars in the Tiefort
Mountains. Field of view in both photos is 4.5 x 6.0 mm. (a) Feldspar porphyroclast that is
recrystallized into subgrains. Original grain outline is defined by biotite laths. Subgrains have
high angle boundaries that locally exhibit a granoblastic texture.; (b) Myrmekitic intergrowths
into K-spar porhyroclast.
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Temperature of
Deformation
250'^ C ± 50
300^^ C ± 50

300-350° C ± 50

400-450° C

450-500° C

Quartz

Feldspar

Undulatory extinction develops; no
boundary mobility
Deformation by grain boundary
migration and dislocation creep. Core
and mantle stmctures and sutured
boundaries develop. Some Grain
Shape Preferred Orientation (GSPO)
and weak Lattice Preferred Orientation
(LPO).
Deformation by rotation
recrystallization. Core and mantle
structures form. Subgrains develop
the same size as recrystallized grains.
Moderate to strong LPO.
Grain boundaries are relatively
straight; LPO is well developed;
moderate to strong GSPO with low
axial ratios.

Rigid Deformation; reacts to
form white micas
Rigid deformation; fractures
develop parallel to cleavage;
reacts to form white mica

Sub grains become equant and are
strain free; No GSPO; Strong LPO.

550-650° C

Slip system changes and grain
boundaries become perpendicular to
ribbon edges.

650-750° C

'Puddles' or 'blebs' develop; grains
retain LPO.

>750° C

Migmatites form

Grains fracture; patchy
undulatory extinction
develops; white micas form
K-feldspar — sutured grain
boundaries; slight Grain Shape
Preferred Orientation (GSPO)
at grain boundaries and in
cracks
Plagioclase — deformation
twins are common; poorly
developed undulatory
extinction
Feldspars exhibit core and
mantle stmctures
K-feldspar ~ reacts to form
muscovite + quartz and
myrmekite develops
Plagioclase — recrystallization
at rims; reacts to form white
mica + quartz; undulatory
extinction
Primary mechanism for
deformation is rotation
recrystallization; equant
subgrains typically smaller
than quartz develop and
exhibit Lattice Preferred
Orientation (LPO)
Forms polygonal, equant
recrystallized grains with
strong LPO; 'Fish' stmctures
develop
Migmatites form

Table 1. Summary of deformation conditions after Simpson and DePaor (1991) for quartzofeldspathic rocks.
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(fig. 29). Quartz ribbons with grain shape preferred orientation are found in mylonitic rocks
(fig. 29). Biotite grains are oriented in foliation planes and display no internal deformation
(e.g. kink banding, chevron structures, or slip on [001] planes) except in samples that contain a
crenulation cleavage.
These observations from samples in the Tiefort Mountains indicate metamorphism and
deformation occurred at temperatures between 450° and 650° C, with the majority of samples
located between 500° and 600° C. Polygonal recrystallization of quartz and feldspar (annealing)
suggest high temperature deformation outlasted deformation.
Age of metamorphism
Peak metamorphic conditions were reached during middle to Late Jurassic times. This
age of metamorphism is constrained by field observations of intrusive relations and U-Pb dates
obtained at South Tiefort and Tiefort Mountains. Field relations indicate metamorphism occurred
after intrusion of the South Tiefort Orthogneiss and Tiefort Metadiorite, but an earlier
metamorphic event may have affected the metasedimentary rocks (see below). The orthogneiss,
diorite, and the units they intruded contain the mylonitic fabric, recrystallized hornblende and
biotite, and anorthitic plagioclase (An20-25) indicating they were fully involved in deformation
and metamorphism. Minimum ages for the South Tiefort Orthogneiss and Tiefort Metadiorite
reported herein are 178 ± 8 Ma and 162 + 8 Ma, respectively (Chapter 4). Leucocratic Granite
from South Tiefort Mountain locally is less deformed and cross cuts the foliation. Biotite granite
from Tiefort Mountain also contains less deformed regions that locally cross-cut structural
boundaries and small inclusions of the Tiefort Metadiorite that are parallel to the contact. Based
on these observations, the Leucocratic Granite and the Biotite Granite are interpreted to be synkinematic. Metamorphism in the biotite and leucocratic granites is evidenced by recrystallized
quartz and feldspar grains and subgrain development (Fig. 28). Late Jurassic aplite and pegmatite
dikes at South Tiefort Mountain (U-Pb = 148 ± 14 Ma; see Chapter 4) intrude metamorphosed
units and cross-cut the metamorphic fabrics. At Tiefort Mountain, syn-kinematic, well-foliated,
biotite granite is dated at approximately 105 Ma. Cretaceous granite and pegmatite dikes (U-Pb =
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Fig. 29 Photomicrographs of quartz ribbons with lattice preferred orientation of quartz subgrains
with (a) crossed polars and (b) the gypsum plate inserted. Field of view is 4.5 x 6.0 mm.
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Fig. 30 Photomicrograph of chlorite (Ch) overprinting biotite (Bt) and hornblende (Hbl) in
equigranular South Tiefort orthogneiss unit. Field of view is 4.5 x 6.0 mm.
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82 Ma, see Chapter 4) are unmetamorphosed and cross-cut metamorphic foliations indicating they
are post-metamorphic. Thus, metamorphism is constrained between =170 Ma and 148 + 14 Ma at
South Tiefort Mountain and between intrusion of the Tiefort Metadiorite (162 ±8 Ma) and before
the pegmatite dikes (=82 Ma, see Chapter 4) at Tiefort Mountain.
It should be noted that evidence for earlier metamorphism exists in the metasedimentary
quartz biotite schist and hornblende biotite schist. Garnet in the quartz biotite schist contains
biotite inclusions and corroded boundaries that are replaced by biotite. Biotite in the hornblende
biotite schist is aligned parallel to the foliation and wraps around feldspar porphyroclasts, but
locally overgrows the hornblende. Although sparse, this evidence may indicate an earlier,
possibly Permian, metamorphism that is observed in adjacent regions (Miller, 1981a,b; Miller and
Sutter, 1982) affected the metasedimentary rocks in the Tiefort Mountains.
Retrograde assemblage or low-grade overprint
Locally magnetite, dumortierite, chlorite, epidote, and sericite appear as static overprints
of the peak metamorphic assemblage (Fig. 11, 30). Magnetite and dumortierite occur near the
margins of the Tiefort granite and the Cretaceous granite. The presence of these two minerals
near the margins of these plutons suggests that they are the results of contact metamorphism. The
dumortierite is a hydrous mineral that is typically associated with granite contact aureoles.
Chlorite replaces biotite and hornblende, and epidote and sericite replace feldspar. These
minerals overprint the stmctural fabric and therefore are interpreted to have developed after
deformation. Retrograde chlorite was observed in the Cretaceous granite and Cretaceous granite
porphyry indicating that the retrograde or low-grade assemblage occurred at least in part after
intrusion of these bodies.
Conclusions
The Tiefort Mountains were metamorphosed to amphibolite facies during the Mid- to
Late Jurassic. Metamorphism was completed before the intrusion of Late Jurassic (148 ±14 Ma)
aplite dikes at South Tiefort Mountain and before Cretaceous (=82 Ma) pegmatite dikes at Tiefort
Mountain. Metamorphism and deformation were at least in part coeval based on the orientation
of metamorphic minerals in the foliation planes. Annealing textures indicate thermal
metamorphism outlasted deformation. Temperature estimates of metamorphism from
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petrogenetic and structural controls agree well and indicate peak metamorphic temperatures
between 500 and 650° C. Pressure values in the Tiefort Mountains are poorly constrained, but
limited to formation within the amphibolite facies (2-8 kb).
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CHAPTER 4. STRUCTURAL GEOLOGY AND GEOCHRONOLOGY
Introduction
The Tiefoit Mountains record a major period of tectonism that deformed Precambrian
metasedimentary rocks and pre-late Cretaceous intmsive rocks. This tectonism resulted in the
development of a ductile foliation, stretching and mineral lineations, and a local shear zone with
well preserved kinematic indicators. This deformation is associated with the amphibolite facies
metamorphism. The ductile structures are folded about map-scale, open to tight folds. Late
Jurassic mafic and felsic dikes intmded after fabric development and possibly during the latest
stages of folding. Ductile deformation predates the intmsion of the Cretaceous granite. Many
microstructural elements are overprinted by late-stage mineral growths and annealing textures,
although rocks retain fabrics at outcrop and hand sample scale. Tertiary to Quaternary strike-slip
faults displace the older rocks and structures.
Metamorphic Fabric
Foliation and stretching and mineral lineation characterise the main metamorphic fabric
at Tiefort and South Tiefoit Mountains. The fabric is prevalent in the augen gneiss,
metasedimentary rocks. South Tiefort Orthogneiss, and leucocratic granite (Plate I and II). In
these rocks, the metamorphic fabric is variably developed and ranges from schist to ultramylonite.
These textures will be described separately in order of increasing strain. Descriptions of the
fabric within the Tiefort Granite, regional annealing and overprinting textures, the South Tiefort
Shear Zone, and a locally developed crenulation cleavage observed in the micaceous
metasedimentary schists follow.
Fabric Orientation
Foliation and lineation orientations differ at South Tiefort and Tiefort Mountains. At
South Tiefort Mountain the foliation typically strikes north-northwest to north-northeast with
shallow to moderate east and west dips (Fig. 31a). Lineations at South Tiefort Mountain typically
trend northwest and southeast and plunge down-dip (Fig. 31b). At Tiefort Mountain, the foliation
is predominantly north-striking with moderate east and west dips (Fig. 31c, Plate I). Local
regions of steep and flat dips occur on the northeast side and east end of Tiefort Mountain,
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a) Tiefort Mountain Poles to Foliation

b) South Tiefort Mountain Poles to Foliation
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Fig. 31 Equal £u-ea projection on lower hemisphere, using a 2% contour interval, showing
orientations of: (a) foliations at Tiefort Mountain with best fit great circle, (b) foliations at
South Tiefort Mountain, (c) lineations at Tiefort Mountain, and (d) lineations at South Tiefort
Mountain.
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a)

Fig. 32 Fabric elements in diorite orthogneiss at Tiefort Mountain, a) Outcrop photo of foliation.
Photo was taken looking to the west, b) Photomicrograph of biotite laths (Bt), hornblende (Hbl),
and recrystallized quartz and feldspar (matrix) that define the foliation. Field of view is 4.5 x 6.0
mm. c) Photo of lineation defined by hornblende. Pencil aligned parallel to lineation.
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Fig. 33 Outcrop photo of the South Tiefort orthogneiss with poorly-developed mineral
segregation.
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respectively. Lineations at Tiefort Mountain typically trend south with shallow plunges (Fig.
3Id). At both South Tiefort and Tiefort Mountains, variations in the foliation and lineation are
attributed to later folding.
Description of the Metamorphic Fabric (Sj^i
The foliation is typically a planar flattening and shear fabric defined by metamorphic
phyllosilicates and hornblende, quartz ribbons, flattened and recrystallized porphyroclasts of
quartz and feldspar, and elongate fine-grained mineral aggregates (Fig. 32a). This foliation is the
earliest recognizable fabric and is designated an Si structure. Lineations are typically defined by
hornblende, elongate quartz lenses and biotite aggregates, and stretched porphyroclasts of quartz
and feldspar (Fig. 32b). This lineation is designated an Li fabric. Locally, mineral growths
overprint fabric elements and microstmctures are annealed indicating the structural fabric was
syn- to late-tectonic and that metamorphism outlasted deformation (Figs. 11, 30).
Orthogneisses occupy approximately 60% of the study area (Plates I and II). Typically,
the deformed plutonic rocks exhibit a gneissic fabric with poorly-developed mineral segregation
in the foliation planes (Fig. 33). At the outcrop and in thin section, the majority of the
orthogneisses are protomylonites and mylonites. However, outcrops of relatively undeformed
rock with relict igneous textures are observed within the Tiefort Metadiorite and South Tiefort
Orthogneiss. Small regions of orthogneiss are also present as ultramylonite in discrete shear
zones. The progression from relict igneous to ultramylonitic textures is illustrated in
photomicrographs from the South Tiefort orthogneiss and leucocratic granite (Fig. 34).
Metasedimentary and metavolcanic rocks occupy approximately 10% of the study area
(Plates I and II). The biotite rich metasedimentary rocks and the metavolcanic rocks typically
exhibit a penetrative schistosity. Garnet porphyroblasts in the biotite schists are pulled apart in
the direction of the mineral lineation with the cracks typically filled in by biotite and quartz (Fig.
35). Garnet porphyroblasts also contain biotite inclusions indicating synchronous biotite and
garnet growth (Fig. 35). Metasedimentary quartzite exhibits little schistosity, due to the lack of
phyllosilicates, but quartz grains with shape preferred orientations and quartz ribbons produce a
strong flattening fabric (Fig. 36). The metasedimentary rocks typically exhibit mylonitic textures,
but ultramylonitic textures are developed in the South Tiefort shear zone.
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Fig. 34 Progression of textures developed in foliated rocks in the Tiefort Mountains. Long axis of
photo represents 6.0 mm in all photos, a) relict igneous textures in equigranular quartz
monzodiorite from the South Tiefort Orthogneiss, b) protomylonite texture in leucocratic granite.
Shown in cross-polarized light, c) protomylonite texture in leucocratic granite. Shown in plain
polarized light, d) mylonitic texture in leucocratic granite, e) ultramylonite texture in leucocratic
granite.
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Fig. 35 Garnet (Gt) and biotite (Bt) relations in quartz biotite schist. Field of view is 4.5 x 6.0
mm in both photos, (a) Biotite fills in cracks in fractured garnet, (b) Biotite replaces garnet
indicating post-gamet growth, and biotite forms as inclusions indicating that garnet and biotite
were synchronous.
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Fig. 36 Quartz ribbon with grain boundaries at a high angle to the ribbon boundary. Field of
view is 4.5 x 6.0 mm.

Fig. 37 Strain related, bulbous, myrmekites intruding into an orthoclase feldspar porphyroclast.
Field of view is 4.5 x 6.0 mm.
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The protomylonitic rocks are typified by feldspar and quartz porphyroclasts surrounded
by finely recrystallized biotite, quartz, and feldspar (Fig. 34c). Biotite grains are crystallized in
parallel foliation planes. Quartz ribbons and recrystallized quartz, feldspar, and biotite define the
foliation which wraps around porphyroclasts in the South Tiefort Orthogneiss and Biotite Granite
units (Figs. 13, 14, 15). Feldspars exhibit minor recrystallization at grain boundaries. Plagioclase
twins, when present, are often bent or diffuse.
With increasing strain, mylonitic textures are well developed and there is an overall grain
size reduction (Fig. 34d). In the mylonites, relict feldspars occur as augen surrounded by strainfree polygonal quartz and feldspar subgrains. Quartz porphyroclasts are recrystallized into
polygonal mosaics. Quartz ribbons cU'e linear and consist of polygonal subgrains and neoblasts
that have grain boundaries oriented at a high angle to the foliation (Fig. 36). Subgrain boundaries
in quartz intersect at high angles indicating complete recovery (Fig. 36, Simpson, 1985). Some
feldspars are internally recrystallized into subgrains with sutured to polygonal boundaries (Fig.
29). Orthoclase grains contain angular and bulbous myrmekitic intergrowths (Fig. 37).
An increase in strain to ultramylonitic textures is observed in rocks located in the South
Tiefort shear zone (Fig. 38). Rocks involved in the shear zone are very well-foliated and lineated.
The rock units exhibiting ultramylonitic textures include the leucocratic granite, quartz biotite
schist, and quartzite. In thin section, the ultramylonites contain equigranular quartz and feldspars
displaying a granoblastic texture (Fig. 34e). Original grain boundaries are not discernible.
L-Tectonite
Locally, on the northeast side of Tiefort Mountain, the flattening foliation is poorlydeveloped in the Tiefort Metadiorite and hornblende defines a very well-developed lineation
forming an L-tectonite. Where this texture occurs, there is not a distinct difference in the
composition of the Tiefort Metadiorite, nor is there any apparent structural break between the
region containing the flattening fabric and the L-tectonite. The orientation of the well-developed
lineation in the L-tectonite is consistent with the orientation of lineations in the surrounding rock.
Hornblende and biotite define the lineation and locally define a weak foliation along which the
rock breaks. Biotite in the L-tectonite does not appear to be folded or crenulated, but occurs in
local mafic zones that define a weak foliation at an angle of =60° to the other weak foliation.
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Fig. 38 Outcrop photo of ultramylonitic foliated granite from the South Tiefort shear zone.
Assymetry of feldspars indicate dextral shear.
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a)

Fig. 39 Photomicrographs from the Tiefort granite showing (a) weak foliation and (b) sub-solidus
deformation exhibited by deformed feldspar twins and undulose extinction and sutured grain
boundaries in quartz. Field of view is 4.5 x 6.0 mm in both photos.
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Based on these observations, two separate and distinct interpretations for this texture are possible.
The first interpretation suggests the texture may represent a local region within the Tiefort
Metadiorite where constriction dominated over flattening. This is supported by the lack of any
structural break and continuity of the lineation from the surrounding region to the region where
the L-tectonite is exposed. The second interpretation requires the superposition of two flattening
fabric elements oriented at a high angle to each other and is supported by the two apparent, poorly
preserved(?), foliations intersecting at an angle of approximately 60° and the U-Pb age data
obtained from the biotite granite gneiss at Tiefort Mountain (see below). In this study, the second
interpretation is preferred based on the U-Pb age data discussed below.
Fabric within the Tiefort Granite
The Tiefort Granite locally is mildly deformed. The rock contains a weak foliation
defined by slightly flattened quartz grains and weakly aligned biotite (Fig. 39). No lineation was
observed in the Tiefort Granite. In thin section, quartz grains contain large subgrains that exhibit
slight undulatory extinction and have sutured boundaries. The deformed quartz and slightly bent
plagioclase twins support mild sub-solidus deformation of this unit (Fig. 39; Simpson and
DePaor, 1991).
Annealing and overprinting textures
Primary mineral assemblages and fabrics associated with mineral growth have been
statically recrystallized and overprinted. In these regions, quartz and feldspar are recrystallized
into equant, strain free grains and only weak grain outlines remain (Fig. 28). This annealing
texture has destroyed microscopic shear indicators and other microstructural elements that may
have been present. Magnetite is observed to overprint the foliation in samples of muscovite schist
(Fig. 11). The magnetite overprint is attributed to intrusion of Cretaceous granite, because of its
location and concentrated occurrence at the margins of the Cretaceous granite.
Large-Scale Structures
South Tiefort Shear Zone ('Di')
The South Tiefort shear zone (STSZ) is exposed as a 50-100 meter wide band of highly
strained rocks that strikes northwest across South Tiefort Mountain for approximately 4
kilometers (Fig. 40). The shear zone is exposed as a relatively straight feature only slightly
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affected by topography indicating it is moderate to steeply dipping. Estimates of the dip of the
shear zone are inferred from foliation attitudes in the shear zone. Foliation attitudes in the
leucocratic granite from the central portion of South Tiefort Mountain indicate that the shear zone
dips to the west (Plate I). A progression in deformation intensity and consequent grain size
decrease from the regional protomylonitic fabric to a mylonitic and, locally, ultramylonitic fabric
occurs as the STSZ is approached from the west (Fig. 34). The foliation and lineation are very
well developed within the deformation zone and are the only penetrative fabric preserved. Thus,
the shear zone is interpreted to have formed coincident with the regional protomylonitic to
ultramylonitic foliation. Where preserved, shear sense indicators are very well developed and
indicate ubiquitous top to the southeast sense of shear.
The STSZ separates subunits of the South Tiefort Orthogneiss, the leucocratic granite,
and Paleozoic metasedimentary rocks (Fig. 40). Fragments of the leucocratic granite and
metasedimentary rocks occur strung out along the shear zone. The southern extent of the STSZ
imbricates the contact between the augen gneiss and the marble over a 40 meter wide region in
parallel bands of rock approximately 5-7 meters wide. In contrast, to the north away from the
shear zone the boundary between these units is observed to be a single distinct contact (Fig. 41).
Displacement across the STSZ is not well constrained because the majority of the contact
zone separates Jurassic plutonic units that contain no markers to use as piercing points.
Displacement of metasedimentary rocks does not require large amounts of displacement, because
metasedimentary screens of similar lithology are exposed within the Jurassic plutonic units on
both sides of the shear zone. An estimate of displacement across the shear zone can be made
given a few assumptions and basic strain analysis (following Ramsey and Huber, 1983). The first
assumption is that simple shear dominates the deformation style in the shear zone. The second
assumption is that the a proper estimate between the S and C fabric in the shear zone has been
made and that these fabrics represent the finite strain in the rock. The third assumption is that the
width of the shear zone has been chosen properly. After making these assumptions the equation
s=

tan

2/tan 20 dx may be used to determine the displacement (s) across the shear zone

where x is the width of the shear zone and 0 is the angle between the S and C fabric within the
shear zone. The S and C fabric in the South Tiefort shear zone are obsrved to be near parallel.
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Fig. 40a Simplified geologic map of South Tiefort Mountain. Trace of axial plane of folds are plotted using
foliation measurements from Plate I. Circles with numbers are location of U-Pb samples in Table 2.
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Dashed lines indicate trace of foliation.
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Fig. 41 Photo of prominent marble band at South Tiefort Mountain in contact with the augen
gneiss and South Tiefort orthogneiss. Photo taken from Tiefort Mountain looking southwest.

Fig. 42 Outcrop photo of the megacrystic quartz monzogranite variety of the South Tiefort
Orthogneiss. Sigma and delta porphyroclasts display top to the southeast sense of shear. Photo is
taken parallel to the lineation looking to the southwest.
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Fig. 43 Photomicrograph of feldspar grain with recrystallized quartz and feldspar in pressure
shadows in the upper left and lower right. Biotite laths wrap around porphyroclast. Field of view
is 4.5 X 6.0 mm.

Fig. 44 Photomicrograph of S-C fabric in hornblende biotite schist. S and C are indicated. Field
of view is 4.5 x 6.0 mm.

76

Fig. 45 Photomicrograph of displaced garnet grain indicating dextral shear in foliated granite
from South Tiefort Mountain. Orientation of slide indicates upper portion moved to the
southeast. Slide is cut parallel to lineation and perpendicular to foliation. Field of view is 4.5 x
6.0 mm.
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Thus, to determine an estimate of the minimum displacement across the shear zone values of
0=2° and x=50 meters were used to calculate s. Using these assumptions, displacement on the
shear zone would be 1.4 km. This value is considered a reasonable estimate for the minimum
displacement on the STSZ and is important since it indicates that displacement on the STSZ is on
the order of kilometers.
Kinematic indicators
Non-coaxial strain in the Tiefort Mountains is indicated by macro- and microscopic
shear-sense indicators. At the outcrop scale, sigma and delta porphyroclasts of feldspar
(Passchier and Simpson, 1986) and, locally, quartz are well preserved (Fig. 38, 42).
Microstructures used for determining the sense of shear are illustrated in Figure 43-45. These
include: (1) asymmetric pressure shadows filled with very fine-grained recrystallized quartz,
biotite, and feldspar (Fig. 43); (2) S-C fabric relations (Fig. 44); (3) displaced garnet grains (Fig.
45); (4) lattice preferred orientation of quartz subgrains in the matrix and quartz ribbons (Fig. 27);
(5) and strain-related myrmekite intergrowths (Fig. 37; Hammer and Passchier, 1991 and
references therein).
Shear-sense indicators are abundant at South Tiefort Mountain and indicate top to the
southeast transport on east and west dipping foliation planes with moderate to steeply plunging
lineations (Fig. 46). No discrete shear zones were recognized at Tiefort Mountain (Fig. 47), but
annealing and non-coaxial strain are pervasive. Shear-sense indicators are much less prevalent at
Tiefort Mountain (Fig. 48), where only 10 out of 50 samples contain shear sense indicators.
Lineations at Tiefort Mountain plunge shallow to moderately north and south. In samples with
shallow lineations, shear indicators on west-dipping foliation planes display sinistral motion,
while on east-dipping planes dextral motion is indicated. Top to the south or ambiguous transport
is indicated in all samples regardless of the plunge of the lineation (Fig. 47).
Determining the regional kinematic significance of the STSZ is problematic, since the
shear zone separates metaplutonic rocks. Additionally, the region has been folded and original
dip of the shear zone is unknown. The shear zone presently dips to the west and separates
metaplutonic rocks with isolated metasedimentary inclusions that are possibly higher grade
eugeoclinal rocks (pers. comm. D.M. Miller) over metaplutonic rocks that contain continuous
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bands of metasedimentary rocks and the isolated metavolcanic locality. This suggests that the
shear zone places deeper level intrusive rocks next to shallow level intrusive rocks, but does not
indicate the rooting direction of the shear zone since this relation could be seen in either an
extensional or contractional regime. Possibly the best evidence for determining the kinematics of
the shear zone is with a regional correlation to mid-Jurassic thrust faults mapped to the north of
the Tiefort Mountains in the Granite Mountains and to the south in the Alvord Mountain and
Chronese Hills regions (Walker et al., 1990a; Miller et al., 1991). Based on the regional
correlation to other mid-Jurassic contractional structures, the preferred interpreted for the STSZ is
that it is a contractional structure with thrust-sense displacement, but a normal fault interpretation
for the shear zone cannot be ruled out.
Folds
Byers (1960) recognized 2 anticline/syncline pairs at South Tiefort Mountain. These are
broad, open to tight folds about subhorizontal NW-trending axes that fold the mylonitic foliation
and are considered the oldest folds (Fig. 40,47). The age of this folding is uncertain. The
youngest unit that is clearly involved in the folding is the leucocratic granite. It is unclear
whether the folding affects the north northeast-trending felsic and mafic dikes at South Tiefort
Mountain, but the folds do not involve the Cretaceous granite.
The mylonitic foliation at Tiefort Mountain is also folded. A plot of foliation attitudes
from Tiefort Mountain suggest that they are folded about north trending fold axes (Fig. 31). The
folds at Tiefort Mountain form a pattern of assymetric folds with long west-dipping limbs and
short east-dipping limbs recognized in the map pattern and drawn in cross-section (Fig. 47). The
age of folding at Tiefort Mountain is constrained between the biotite granite that is folded and the
=82 Ma pegmatite dikes. Based on similarities in the scale and proximity, this folding is
considered equivalent to broad scale folding at South Tiefort Mountain.
A later set of small scale folds that fold the mylonitic foliation are located at South
Tiefort Mountain and Tiefort Mountain. These have variable trends and are open to isoclinal,
shallow plunging folds with planar limbs and steep axial planes (Fig. 49). These folds of the
mylonitic foliation affect felsic dikes at South Tiefort Mountain that originate from the
Cretaceous granite and intmde the mafic and felsic dikes dated a 148 ± 14 Ma indicating some
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Map of Shear Indicators at South Tiefort Mountain

1

80

81
Fig. 47a. Simplified geologic map of Tiefort Mountain. Circles with numbers are location of
U-Pb samples in Table 2.

Generalized geologic map of Tiefort Mountain
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Fig. 47b Geologic cross-section of Tiefort Mountain. Location shown on figure 47a. No vertical exageration. Dashed lines
indicate trace of foliation. Open circles indicate pegmatite dikes. Note that the dikes are not drawn in profile because the
section line runs parallel to the trend of the dikes.

Cross-section of Tiefort Mountain
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Fig. 48. Map and rose diagram showing the distribution and orientation of shear indicators
at Tiefort Mountain. Arrows are aligned with the stretching and mineral lineations and
indicate direction of motion in the upper plate. Stippled region identifies metasedimentary
rocks.
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Fig. 49 Outcrop photograph of folded metasedimentary rocks at South Tiefort Mountain.
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folding post-dated the Cretaceous granite (Fig. 19). These folds are not widely distributed and
not enough data was collected to determine their kinematics or significance.
Additional folds associated with strike-slip faulting are located within the study area.
These are open folds that occur on the scale of 10-100 meters. The folds involve
metasedimentary schists and quaternary alluvial deposits along the Tiefort Mountain fault and
Bicycle Lake Fault and are considered to be the youngest set of folds.
Crenulation Cleavage
Scattered biotite and muscovite schists contain a crenulation cleavage (Fig. 10). In
samples with well developed cleavage, the crenulation cleavage folds the mylonitic fabric into
assymetric chevron folds. The longer planar limbs of these folds form an incipient axial planar
foliation. The axial traces of the folds form an L2 lineation oriented sub-perpendicular (70-80°)
to the mineral lineation (Li; Fig. 10). The crenulations fold the biotite and muscovite schistosity.
Magnetite overprints the flattening fabric and crenulation cleavage. Thus, the crenulations are
considered to be late structures possibly coeval with small-scale folding, but must have formed
prior to the magnetite overprint. The crenulation cleavage is not distributed widely enough to be
mapped as a distinct structure. This is possibly more due to lack of proper lithologies for
crenulation development rather than to the geographic extent of the deformation.
Summary and interpretation of ductile structures
The mylonitic foliation and ductile shearing are interpreted to record a southeast vergent
(in present coordinates) shortening event that is coeval with the amphibolite facies
metamorphism. This was followed by roughly northwest-southeast folding. The first
deformation formed the mylonitic foliation and ductile shear zone and was coeval with
amphibolite facies metamorphism. Amphibolite facies metamorphism outlasted ductile
deformation and likely caused annealing of microstructures. This may have been associated with
the intrusion of the Tiefort Granite, which is only slightly deformed. Folding of the mylonitic
foliation is recorded at both Tiefort and South Tiefort Mountains. It is unclear whether this
folding affected the Tiefort Granite. At South Tiefort Mountain, later folds post-date the
intrusion of the Cretaceous granite and 148 ±14 Ma dikes (Fig. 19). Both sets of folds predate the
intrusion of the =82 Ma pegmatite dike complex at Tiefort and South Tiefort Mountains.
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Intrusion of the Cretaceous grtinite is interpreted to have formed magnetite mineral overprints.
The latest stages of shortening are recorded in the micaceous schists by a crenulation cleavage
which folds the foliation and magnetite mineralization.
Post-Shortening Structures
Structures that postdate the contractional deformation in the Tiefort Mountains are
relatively minor in extent in the study area. Post-contractional structures are limited to a
brecciated zone possibly linked with Tertiary extension and to Quaternary strike-slip faulting.
Tertiary exten.sion (1)
A small, highly brecciated zone approximately 200 meters by 100 meters is located at the

west end of South Tiefort Mountain (Plate I). This zone is composed primarily of highly altered
quartz-biotite schist and other metasedimentary rock that is altered to shades of orange and green
(Fig. 50). One possible interpretation for this brecciated zone is that it is a normal fault, requiring
the fault to be small. There is no major displacement of any of the units, and the zone could not
be traced for more than 200 meters. Another interpretation would be that the brecciated zone
represents a preserved landslide. It is possible that this landslide would have been activated by
Tertiary extension documented elsewhere in the Fort Irwin and the Mojave (Glazner et al., 1989;
Bartley and Glazner, 1991) or by strike-slip faulting (discussed below). No other evidence for
small or large-scale extensional structures was found in the Tiefort Mountains.
Late Cenozoic Strike-slip faulting
Three large-scale strike-slip faults are located in the study area. Two west-northwest
trending, left-lateral strike-slip faults occur along the northern flanks of both South Tiefort and
Tiefort Mountain. An additional northwest-trending fault is located at the west end of South
Tiefort Mountain. A brief description of these faults is provided, though they were not examined
in detail in this study.
The Tiefort Mountain fault consists of a northern strand and a southern strand. The
southern strand merges with or is cut by the east striking northern strand. The southern strand
forms the northeast boundary of the study area (Fig. 3). This strand is exposed as a band of
alteration with numerous small brittle fracture surfaces. The southern strand of the fault strikes
northwest and displays left-lateral displacement of the contact between the Tiefort Metadiorite
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Fig. 50 Photo of the breccia zone at South Tiefort Mountain looking to the south. Dotted line on
the overlay is approximate contact between the South Tiefort Orthogneiss and quartz biotite
schist.
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b)

Fig 51 (a) Outcrop photo of folded metasedimentary rocks on the north side of the Tiefort
Mountain fault. Photo taken looking to the east, (b) Aerial photo of east end of Tiefort
Mountain. Tiefort Mountain fault appears as orange alteration zone, marked on overlay. Uplitted
fan deposits are outlined.
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Fig. 52 Photo of slickensides on granite fracture surface.
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and metasedimentary rocks (Schermer, unpublished data). The apparent lateral displacement of
this contact is approximately 4 km. Three small scale, tight folds of the mylonitic foliation
approximately 5-10 meters across in metasedimentary rocks (Fig. 51) and uplifted Quatemary(?)
fan sediments (Fig. 51) on the south side of the fault indicate components of compression that is
consistent with a northwest striking sinistral fault bending to strike east-west.
The Bicycle Lake Fault also consists of two strands that strike west-northwest along the
north side of South Tiefort Mountain (Byers, 1960) and the south side of Tiefort Mountain. At
South Tiefort Mountain the fault is marked by a 25-300 meter wide zone of red to orange
brecciated granite with numerous small, brittle fault surfaces (Fig. 52). The Precambrian Augen
Gneiss and Marble units dip steeply and intersect the Bicycle Lake fault at a high angle (Plate I).
At the intersection the marble bends to the west into the fault supporting sinistral drag. The fault
also displaces an upper Miocene basalt flow. Apparent separation of the basalt flow is greater
than the augen gneiss and marble units. This could be due to a component of vertical separation
and erosion of the flat lying basalt. It is also possible that the flow traveled parallel to the fault
through the valley on the north side of South Tiefort Mountain. Measuring sinistral offset of the
augen gneiss and marble units yields separation of 3.5 km. If drag is included, offset on the fault
could be as great as 4.1 km.
Byers (1960) named the northwest trending fault at the western end of South Tiefort
Mountain the Garlic Spring fault (Fig. 4). Small-scale structural features exposed in the fault
zone include small thmst faults and gouge with brittle shear surfaces. Pseudotachylite occurs in
one of the sheared regions near Garlic Spring. Byers (1960) reported a 45° SW dip for this fault
and indicated the strike-slip component of movement was greater than the dip-slip component
based on slickensides. Yount et al. (1994) cite evidence for both left and right lateral
displacement along the Garlic Spring Fault.
U-Pb Geochronology >■ constraints on timing of deformation and metamorphism
Introduction
U-Pb analysis of representative rock units from the Tiefort Mountains constrain the
timing of deformation and coeval amphibolite facies metamorphism. Dates were obtained from
six rock units. Samples ST1.3, ST1.7, and 1.3.90b were collected from South Tiefort Mountain
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Sample no.

ST. 1.3

Map
Location
(Fig40,47)
1

ST 1.7

2

TUL-922

Lithology / rock
unit

Latitude

Longitude Geologic relationships

Quartzo35.227
feldspathic augen
gneiss
South Tiefort
35.224
Monzonite
Orthogneiss

243.432

3

Diorite
orthogneiss

35.301

243.468

TUL-931

4

Biotite granite
gneiss

35.282

243.493

1.3.90b

5

Felsic dike

35.226

243.416

TUL-921

6

Pegmatite dike

35.302

243.466

243.430

Oldest exposed rock
unit in the Tiefort
Mountains.
Deformed plutonic rod
that intrudes the
Metasedimentary rock
package and Augen
Gneiss
Deformed Diorite that 1
intmded by the Tiefort
Granite at eastern
Tiefort Mountain.
Part of an
elongate body
interpreted to be
syn-kinematic
that intrudes the
Diorite
Orthogneiss and
is cross-cut by
the Pegmatite
Dikes at Tiefort
Mounatin.
Member of NNEtrending felsic and
mafic dike swarm that
intrudes all deformed
rock units at South
Tiefort Mountain.
Member of ENEtrending dike swarm
that cross-cuts Diorite
Orthogneiss and Tiefor
Granite at Tiefort
Mountain

Table 2. Sample location and geologic significance of Uranium-Lead dating samples from the
Tiefort Mountains
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Table 4. U-Pb analytical data from samples obtained from Tiefort Mountain.
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by Dr. J. Doug Walker, Dr. Mark Martin, and Dr. Elizabeth Schermer during December of 1990
before the onset of my project. Data from these samples were provided to me by Dr. J. Doug
Walker. The remaining three samples were collected from Tiefort Mountain during the winter of
1992-1993. Analyses were done at the Isotope Geochemistry Laboratory at the University of
Kansas. Table 2 provides a description of lithology, precise location, and geologic significance of
each sample. Tables 3 and 4 provide the isotopic data for each sample. Concordia plots and
sample locations are presented in Figures 53 and 54 and Plates III and IV, respectively. General
descriptions of each sample are provided in this section. Appendix II provides detailed
descriptions of the zircon populations from samples TUL-921, TUL-922, and TUL-931 and a
complete methodology of the analyses.
Interpretation of U-Pb results

Pre- to Svn-Kinematic Rocks
ST 1.3 (Augen Gneiss): ST 1.3 is a very coarse-grained quartzo-feldspathic augen gneiss
that crops out at South Tiefort Mountain (Fig. 6). Large feldspar augen, 3 to 4 cm in length,
suggest that this rock unit had an igneous protolith. The rock contains a strong mylonitic foliation
and lineation and was intruded by the South Tiefort Orthogneiss, leucocratic granite, and
pegmatite. Four zircon fractions were analyzed yielding strongly discordant points that yield a
linear regression line with upper and lower intercept ages of 1399 ± 9 Ma and 156 ± 11 Ma,
respectively (Fig. 53a). The air abraded fraction yielded the oldest age indicating potential Pbloss or overgrowth development during deformation and/or metamorphism. The lower intercept
age is interpreted to be the age of a Pb-loss event. As will be shown below, this age agrees with
the interpretation of age data from undeformed rocks. The upper intercept age is interpreted to be
the time of crystallization. This corresponds well with other granite gneisses dated in the Mojave
Desert (Martin, 1992). Based on the age and regional occurrence of other granite gneisses, the
protolith for this rock is interpreted to be Proterozoic granite of the North American basement.
ST 1.7 /South Tiefort Orthogneissl: Sample ST 1.7 is part of the South Tiefort
Orthogneiss. The sample was collected on the south side of South Tiefort Mountain, where it
intrudes the augen gneiss and metasedimentary rocks (Plate I, II). NNE-trending dikes (sample
1.3.90b — see below) and Cretaceous granite intrude the orthogneiss. Five zircon fractions were
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a)

206pb

238u

b)

206pb

238u

c)

206pb

238u

Fig. 53 Uranium - Lead concordia plots of samples analyzed from South
Tiefort Mountain. Open circles shown to distinguish overlapping samples.

95

0.027

a)

0.026
0.025
0.024

238u
0.023
0.022
0.021

0.14

0.15

0.16

0.17

0.18

207pb / 235u

b)

206pb
238u

0.09

0.11

0.13

0.15

0.17

207pb / 235u
c)

206pb
238u

207pb / 235u

Fig. 54 Uranium-Lead concordia plots of samples analyzed from Tiefort Mountain.
Open circles are shown to distinguish overlapping samples. Errors for ST-921 are for
the best fit hne.
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analyzed from this sample. The fractions yielded scattered discordant results that are strung out
parallel to concordia (Fig. 53b). Older Pb/Pb ages and discordant positions for two less magnetic
fractions indicate there is an inherited zircon component in this sample (Table 3, Fig. 53b). A
well developed foliation in this unit and the presence of cross-cutting, late intrusions suggest this
rock may have experienced Pb-loss, though the U-Pb data are not conclusive. Pb-loss in zircons
is typically exhibited by (1) higher Pb/U ratios and similar Pb/Pb ratios for air abraded vs. nonabraded fractions and (2) lower Pb/U ratios and similar Pb/Pb ratios for less magnetic vs. more
magnetic fractions (Dunne and Walker, 1993). No air abraded fractions from this sample were
analyzed, so criteria (1) is not applicable in this case. The magnetic fractions from this sample
yield conflicting results regarding Pb-loss. The nm(0) and nm(l) fractions fit criteria (2), but the
nm(-2) fraction does not.
A minimum age for sample ST 1.7 is interpreted to be 166 Ma. This is the average of the
207pij/235u and 206p5/238u ages for the most concordant point. It is important to note that this
is a minimum age. If it is assumed that this fraction contains only an inherited component and no
Pb-loss has occurred, then a line from the inferred basement age (approx. 1400 from sample
ST1.3) through this point would be the age of the sample. Drawing this line would yield an age
close to 166 Ma since the point is near concordia. If only recent Pb-loss and no inheritance in this
fraction is assumed, then the age of the sample would be represented by the 177.9 ± 4 Ma Pb/Pb
age of the most concordant point (nml <240). Older Pb-loss would result in an interpreted Pb/Pb
age that is slightly older than the reported Pb/Pb age.
My preferred minimum age for this sample is 178 ± 8 Ma. This age is the average of the
207pb/206p5 age and analytical errors for the three points closest to concordia (Table 3). This
interpretation assumes that the inherited component in this fraction is minimal and that there has
only been recent Pb-loss. If Pb-loss occurred during deformation, then the age of this sample
would be slightly older than the Pb/Pb age.
TUL 922 (Tiefort MetadioriteV Sample TUL-922 is from the Tiefort Metadiorite located
on the northeast side of Tiefort Mountain (Plate IV). This unit intrudes metasedimentary rocks to
the east and is intruded by the Tiefort Granite to the west. The locality where this sample was
collected appears less deformed than the majority of the unit. Zircons recovered from this sample
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are typically highly fractured, clouded, and contain numerous inclusions. Five fractions were
separated and analyzed (Table 4, Appendix II). The data points stretch out below concordia but
do not lie on a discordant line (Fig. 54a). The zircon systematics from this sample exhibit similar
characteristics to sample STl .7, though the scatter and analytical error is greater in this sample.
The large errors in sample TUL-922 are probably due to large amounts of common-Pb and the
resulting common-Pb corrections. Extreme Pb-loss is evident using both criteria (1) and (2)
above. Pb-loss of this sort is typical for Middle Jurassic rocks in this area (Boettcher and Walker,
1993, Dunne and Walker, 1993).
Based on the position of the oldest relatively concordant PbAJ point, a minimum age of
160 Ma is assigned to this rock. Using a similar argument to the one used for sample STl .7, this
rock is interpreted to be 162 + 8 based on the Pb/Pb age of the nm(l) 50-74 air abraded fraction,
though given the scatter and large errors in the data any age between 160 and 190 Ma is
reasonable.
It is important to note that assignment of minimum ages for STl.7 and TUL-922 depends
on the assumptions about the relative importance of Pb-loss and inheritance. Assuming minor
Pb-loss and no inheritance for the "most concordant" points gives minimum ages of 166 and 160
Ma, respectively. However, given the evidence stated above for Pb-loss, an alternate assumption
of recent Pb-loss and minor inheritance gives a my preferred estimate of minimum ages of 178
and 162 Ma.
TUL 931 (Biotite Granitel: Sample TUL-931 is a biotite granite with a gneissic texture
collected on the southeastern side of Tiefort Mountain (Plate IV). Using criteria outlined by
Paterson et al. (1989) this unit is interpreted to be syn-kinematic. The margins of the plutonic
rock are subparallel to the foliation and locally contain aligned xenocrysts of the Tiefort
Metadiorite which it intrudes. Where preserved, feldspars and twins within plagioclase display
weak alignment parallel to the metamorphic foliation. Quartz and feldspar were recrystallized
into flattened subgrains which define the foliation along with biotite. The rock yielded abundant
zircon and five fractions were analyzed (Fig. 54b). The fractions are scattered and the sample is
plagued by large amounts of common-Pb evidenced by the low 206pij/204p|5 ratios. Two points
plot slightly above concordia at 103.5 and 106.8 Ma. Their location above concordia is almost
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certainly due to the extreme common-Pb correction. Air abraded fractions yield much less
concordant points and indicate that there is a strong component of inheritance in the rock. Much
older Pb/Pb ages for three of the fractions also suggest inheritance, while Pb/Pb ages for the other
two fractions are younger than the Pb/U ages. The evidence for Pb-loss is inconclusive. There
appears to be no strong evidence for lead loss in the rock based on the U-Pb results (pers. comm.
J. Doug Walker). It is not unreasonable to suggest that this rock has experienced some Pb-loss
though, since it is deformed and was intruded by pegmatites dikes dated at 80-85 Ma (see TUL921 below). Based on an average of the two relatively concordant points, the rock is given a
minimum age of 105 Ma. Based on the Pb/Pb ages and errors, it is also possible that an Early
Cretaceous to Late Jurassic age may be interpreted for this sample (Table 4). Additional work on
the common-Pb correction by analyzing K-feldspar is underway and may change this date.
Post-kinematic rocks
1.3.90b (Aplite Dike): Sample 1.3.90b is a garnet bearing aplite dike that is part of the
NNE-trending dike complex at South Tiefort Mountain (Plate I). The NNE-trending dikes
intrude the South Tiefort Orthogneiss (Sample ST1.7), and cross-cut the foliation. Only three
zircon fractions were recovered and processed due to a limited sample size. The discordance of
these fractions and the much older Pb/Pb ages with respect to the Pb/U ages indicate an inherited
component (Fig. 53c). The three fractions lie on a regressed chord with an upper intercept of
1446 ± 700 Ma and a lower intercept of 148 ± 14 Ma. The lower intercept is interpreted to be the
crystallization age for this sample. The upper intercept is interpreted to be the approximate age of
the inherited component, which corresponds well to the basement age obtained for sample ST1.3
(see above).
TUL 921 (Pegmatite Dikes): TUL-921 is part of an ENE-trending dike complex that
intruded the eastern end of Tiefort Mountain (Fig. 20, Plate II). This sample was collected from
the north side of Tiefort Mountain near sample TUL-922 (Plate IV). The dikes are pink, garnet
bearing pegmatites that yielded very little zircon. The fractions analyzed were hand picked into
size fractions. Fraction 1 consisted of acicular, clear grains and yielded the most concordant
point. Fraction 3 plots near Fraction 1, while fraction 2 exhibits a large component of inheritance
and plots as a strongly discordant point (Fig. 54c). Determining a precise age for this sample is
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difficult. Fractions 1 and 3 indicate an approximately concordant age of 80-85 Ma. Forming
lines between the nearly concordant points, Fractions 1 and 3, and the point with inheritance,
Fraction 2, yields an age range of 77 Ma to 84 Ma. The upper interecept of this line yields an age
of approximately 2220 Ma, which is much older than the observed basement age based on the
augen gneiss sample discussed above. Forcing a line through the basement age of the augen
gneiss (1400 Ma) yields a much younger age of approximately 75 Ma. Pegmatite dikes found at
Alvord Mountain and Iron Mountain were dated at 82 Ma (Walker et al., 1990, Boettcher and
Walker, 1993). This sample is assigned a minimum age of 80 Ma. This is based on the youngest
nearly concordant point since it displays the smallest inherited component. A preferred age of 82
Ma is interpreted based on regional association with intmsions at Alvord Mountain (Miller et al.,
1991).
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CHAPTER 5. DISCUSSION OF PALEOGEOGRAPHY AND TECTONICS OF THE
TIEFORT MOUNTAINS
Introduction
The timing and kinematics of deformation in the Tiefort Mountains and surrounding
areas is essential to understanding the regional geologic setting of the southwestern Cordillera.
Proterozoic to early Paleozoic rocks in the Tiefort Mountains provide new constraints on the
location of paleogeographic boundaries including the western extent of craton margin rocks.
Middle Jurassic contractional deformation in the Tiefort Mountains is similar in timing to
shortening and coeval extension that are documented elsewhere in the Mojave Desert (Walker,
1990a; Schermer, 1993). Two models have emerged to explain the Middle Jurassic deformational
history of the southwestern Cordillera. The first interprets the margin to have been relatively
homogeneous for hundreds of kilometers along strike (Schweickert et al., 1984; Dunne, 1986;
Walker et al., 1990), while the second proposes heterogeneous deformation as a result of oblique
subduction (Saleeby and Busby-Spera, 1992; Schermer, 1993). Locally recognized Cretaceous
deformation and widespread Cenozoic extension and strike-slip faulting have further affected the
southwestern Cordillera (Dokka and Travis, 1990; Walker et al., 1990c; Boettcher and Walker,
1993).
Paleogeography
Miogeoclinal/Cratonal hingeline
Stokes (1976) defined the miogeoclinal-cratonal hingeline as a linear feature that
separates stable craton to the east from the miogeocline to the west. Picha and Gibson (1985)
defined the hingeline as a complex late Precambrian and early Paleozoic rifted cratonic margin
that is marked by a system of repeatedly reactivated structures. In the absence of rift structures,
stratigraphic ties must be used to define the hingeline. The hingeline has been defined as the
region where the Silurian and Devonian strata are absent (Stewart and Poole, 1974) and where
there is a thick Precambrian clastic sequence present (Stewart and Poole, 1974; Burchfiel and
Davis, 1981). Cooper and Fedo (1993) suggest that the most convincing stratigraphic definition
of the hingeline lies with the Neoproterozoic-Lower Cambrian rocks. Cooper and Fedo (1993)
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provide definitions for type sections from the craton, craton-margin, and miogeocline. The
cratonal sections begin with the middle member of the Wood Canyon Formation, which rests
unconformably on Proterozoic basement. The miogeoclinal stratigraphic sections include
kilometers of stratigraphy below the Wood Canyon Formation and include the lower member of
the Wood Canyon Formation. Craton-margin sections contain no lower member Wood Canyon
Formation and only a thin, poorly developed sub-Wood Canyon interval (Stewart, 1970; Fedo and
Cooper, 1991; Cooper and Fedo, 1993). In the Mojave Desert, limited exposure and intense
metamorphism and deformation limit stratigraphic controls on the location of the hingeline. In
the Mojave Desert, Martin and Walker (1991, 1992, 1993) use exposures of Proterozoic
crystalline basement and stratigraphically incomplete late Precambrian and/or lower Paleozoic
strata to locate the miogeoclinal-cratonal hingeline. Their definition does not require any
exposures of the Ordovician and Silurian strata that previous workers used to define the hingeline
(Stewart, 1970; Cooper and Fedo, 1993; Martin and Walker, 1991, 1993). Martin and Walker
(1991, 1992) place their interpretation of the miogeoclinal-cratonal hingeline 30-50 km east of the
Tiefort Mountains in the Soda Mountains (Fig. 5) and generally west and north of the
westernmost exposures of cratonal or craton margin facies with the absence of Ordivician and
Silurian strata. Martin and Walker's (1991, 1992) definition of the miogeoclinal-cratonal
hingeline differs from the previous interpretations and is not fully agreed upon (Cooper and Fedo,
1993; Martin and Walker, 1993).
In this study, the augen gneiss in the Tiefort Mountains dated at 1399 ± 9 Ma is
interpreted to represent Proterozoic North American basement. The Precambrian augen gneiss is
overlain by a thin package of metasedimentary rocks that are correlated with Precambrian
miogeoclinal section of Johnnie Formation, Stirling Quartzite, and Wood Canyon Formation.
The Tiefort Mountains stratigraphic section lacks any overlying Paleozoic sedimentary rocks.
The presence of Wood Canyon Formation and older sedimentary rocks indicates that the Tiefort
Mountains section does not lie in the cratonal facies. A correlation of the Tiefort Mountains
section with a eugeoclinal section is eliminated based on the presence of Precambrian basement
and the lack any of the thick overlying sequence of eugeoclinal rocks. Based on Cooper and
Fedo's (1993) criteria the Tiefort Mountains section does not lie in the fully developed
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miogeoclinal section because the sub-Wood Canyon Formation section is not kilometers thick.
However, the original thickness of the metasedimentary sequence prior to Mesozoic deformation
is unknown. Based on Cooper and Fedo's (1993) criteria, these correlations indicate that the
Tiefort Mountains section lies either in the cratonal margin or easternmost miogeoclinal section.
Based on Martin and Walker's (1991, 1992) criteria and the presence of Precambrian basement,
the Tiefort Mountains section lies within or just to the east of the cratonal-miogeoclinal hingeline.
Thus, the exposure of Precambrian basement indicates that the miogeoclinal/cratonal hingeline
must lie in or to the west of the Tiefort Mountains, much further to the west than Martin and
Walker's (1991, 1992) interpretation. In any case, the cratonal-miogeoclinal hinge zone must lie
between the Providence Mountains where cratonal margin facies (Cooper and Fedo, 1993) are
present and just west of the Tiefort Mountains where Precambrian basement and a thin
Precambrian clastic sequence are recognized.
Locating Proterozoic basement and Precambrian miogeoclinal facies rocks in the Tiefort
Mountains provides geographic limitations on Permian and younger tectonic elements that have
been proposed to extend through the Mojave Desert (Fig. 5). Permian to earliest Triassic oblique
truncation of the southwestern margin of the United States is interpreted to be responsible for
displacing Paleozoic facies trends in the Mojave Desert (Walker, 1988). Burchfiel and Davis
(1981) and Walker (1988) suggest that this truncation took place along left-lateral strike-slip
faults. The location of Precambrian basement and overlying craton margin or craton margin
transitional cover rocks indicates that this truncation boundary must lie to the west of the Tiefort
Mountains. Large displacement Jurassic and Cretaceous strike-slip faults, inferred to trend into
the Mojave Desert from the north and south, are also proposed to displace Proterozoic and
Paleozoic facies trends. Silver and Anderson (1974) project the Mojave-Sonora megashear with
=700-800 km of left-lateral displacement into the Mojave Desert from the south. Oldow (1984)
extended the left-lateral Jurassic Pine Nut fault (=500-700 km,) into the Mojave Desert from the
north. Lahren and others (1990) extended the right-lateral, Cretaceous Mojave-Snow Lake fault
(=500 km) into the Mojave Desert from the north. Extending Proterozoic basement and late
Proterozoic and early Paleozoic facies trends westward to the Tiefort Mountains imply that these
large displacement strike-slip faults, if present, must lie west of the Tiefort Mountains.
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Eugeoclinal/Miogeoclinal boundary
The significance and nature of the eugeoclinal/miogeoclinal boundary is still in question.
In the Mojave Desert, eugeoclinal facies rocks were proposed to have been emplaced by strikeslip faulting during Permian tmncation of the passive margin (Burchfiel and Davis, 1975, 1981;
Davis et al., 1978; Walker, 1988a). Alternatively, Snow (1992) proposed that eugeoclinal facies
rocks were emplaced against cratonic strata by the Permian Last Chance thrust system. Glazner
et al. (1989) suggest that Miocene extension modified the original eugeoclinal/miogeoclinal
boundary and that the facies were originally juxtaposed by thrusts inferred to be Middle Jurassic
in age.
The identification of Precambrian miogeoclinal or transitional facies rocks in the Tiefort
Mountains has significant implications for the location of the eugeoclinal/miogeoclinal boundary
and indicates that it must lie west of the Tiefort Mountains. Eugeoclinal rocks were mapped by
Miller and Sutter (1982) in the Goldstone-Lane Mountain area 10-15 km west of the Tiefort
Mountains. This locates the eugeoclinal/miogeoclinal boundary between the Tiefort Mountains
and the Goldstone-Lane Mountain region. Although the boundary must lie between these two
areas, since it is not exposed in the Tiefort Mountains the nature of the boundary remains in
question.
Location of the cratonal-miogeoclinal hingeline in the Tiefort Mountains based on the
criteria of Martin and Walker (1992) and the eugeoclinal/miogeoclinal boundary just west of the
Tiefort Mountains would imply that the entire miogeocline should be located in the Tiefort
Mountains. Since the Tiefort Mountains do not contain a thick stratigraphic section and only a
relatively thin Late Precambrian section, telescoping or truncating the margin would be required
(Walker, 1988a; Glazner et al., 1989; Snow, 1992). Structures identified in the Tiefort Mountains
are consistent with Glazner and others (1989) postulate that Jurassic thrusts are responsible for
telescoping the margin, although a Permian thrust or strike-slip event cannot be ruled out because
it could be overprinted by Jurassic tectonism. If Cooper and Fedo's (1993) definition of the
cratonal-miogeoclinal hingeline is used, the magnitude of telescoping of the margin is not as great
since, by their definition, the hingeline lies much further to the east allowing additional space for
the miogeocline section.
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Intra-Arc Tectonics
Jurassic Contractional Deformation
A moderate to steeply west-dipping shear zone with well developed southeast verging
kinematic indicators displaces metaplutonic units at South Tiefort Mountain. The shear zone and
penetrative fabric developed at amphibolite facies metamorphic conditions. Metamorphism is
interpreted to have outlasted deformation based on annealing textures at South Tiefort and Tiefort
Mountains. At South Tiefort Mountain, U-Pb dating of plutonic units indicates penetrative
deformation and metamorphism occurred between 178 ± 8 Ma and 148 ± 14 Ma. Deformation at
Tiefort Mountain involves similar rocks (162 ± 8 Ma Tiefort Metadiorite) and appears similar in
style to the deformation at South Tiefort Mountain, though it may be all or in part Cretaceous in
age (see below). At South Tiefort Mountain, broad north northwest-trending folds about northnorthwest axes fold the mylonitic foliation. At Tiefort Mountain, north-trending assymetric folds
fold the mylonitic foliation. The age of these folding events is uncertain, but is constrained to
pre-date the Cretaceous granite at South Tiefort Mountain and the pegmatite dikes in both areas.
Coeval mid-Jurassic extension and shortening have been documented in the Mojave
Desert. Walker and others (Walker et al., 1990a; Miller et al., 1991; Martin, 1992; Boettcher and
Walker, 1993) suggest that contractional structures are a continuation of the east Sierran thrust
system located to the north of the Garlock fault that can be extended through the Mojave Desert
(Fig. 3; Dunne, 1986). Schermer (1993) summarized several models that account for these
apparently coeval, along-strike differences in deformation. Schermer (1993) argues that platemargin scale sinistral oblique subduction explains the differences in tectonic style, but also
suggests that: (1) changes in pre-arc basement along strike, (2) differences in inboard vs.
outboard portions of the arc, and/or (3) slight differences in timing of deformation and changes in
tectonic regime with time may also explain coeval extension and shortening.
Middle Jurassic shortening is present south of the Tiefort Mountains in the Cronese Hills
(Walker et al., 1990a), Alvord Mountain (Miller et al., 1991), Iron Mountain (Boettcher and
Walker, 1993), and, possibly, the Shadow Mountains (Fig. 55; Martin and Walker, 1989, 1990).
In the Cronese Hills, a southeast vergent ductile shear zone that formed under greenschist facies
conditions places mylonitic meta-igneous rocks over folded metavolcanic and metasedimentary
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Fig. 55 Map showing distribution of Jurassic and Cretaceous deformation and the Independence
dike swarm. Shaded ovals are regions of Cretaceous deformation. MVF=Mojave Valley fault.
Modified from Busby-Spera et al., 1990.
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rocks (Walker et al., 1990a). The age of this deformation is constrained between 166 ± 3 and 155
± 1 Ma by U-Pb dating of pre- and post-kinematic plutonic units (Walker et al., 1990a).
Northwest trending folds at Iron Mountain involve late Proterozoic miogeoclinal
metasedimentary rocks (Boettcher and Walker, 1993). Boettcher and Walker (1993) indicate that
contractional deformation at Iron Mountain is bracketed by U-Pb dating of 169-163 Ma prekinematic Hodge volcanics and 151 ± 11 Ma post-kinematic granite. Alternatively, contractional
deformation at Iron Mountain may correlate with Permian contractional deformation reported in
adjacent areas (e.g. Miller, 1981a,b; Miller and Sutter, 1982), since the Hodge volcanics are
foliated but not folded (Boettcher and Walker, 1993). In the Shadow Mountains west-vergent
folding, schistose fabric, and transposed compositional layering that pre-date the intrusion of 148
Ma gabbro are considered correlative with deformation in the Cronese Hills and at Iron Mountain
(Martin and Walker, 1991; Martin, 1992). Although correlated with regional Jurassic
deformation, the Shadow Mountains deformation may be as old as Permian in age (Martin and
Walker, 1989, 1990).
Walker and others (1990a) interpreted the shear zone in the Cronese Hills to be a
southern continuation of the east Sierran thrust system (Dunne et al., 1978; Dunne et al., 1983;
Dunne, 1986). Dunne (1986) extended this belt of Middle to Late Jurassic contractile
deformation from the Inyo Mountains south along the east side of the Sierra Nevada Batholith to
the Garlock fault. At the Garlock fault the east Sierran thrust system is offset eastward to the
Granite Mountains where it extends southward through the Tiefort Mountains into the Cronese
Hills area (Fig. 4; Martin and Walker, 1991). South of the Cronese Hills, this belt of shortening is
interpreted to be offset along the Mojave Valley fault (Fig. 55, Martin et al., 1993) west to Iron
Mountain where it extends south through the Shadow Mountains (Martin and Walker, 1989).
In contrast to areas of Middle Jurassic shortening. Middle Jurassic extensional structures
are exposed north of the Tiefort Mountains in the southern Panamint Range (McKenna et al.,
1993) and to the south in the Victorville region (Schermer, 1993) and the Cowhole Mountains
(Fig. 55; Busby-Spera et al., 1989; Wadsworth et al., 1991). In the southern Panamint Range,
McKenna and others (1993) report that normal faulting which displaces Proterozoic sedimentary
rocks is pre-Late Jurassic in age and infer the faults to be Jurassic in age. Extension in the
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Victorville region is constrained between the =170-166 Ma Lower Sidewinder volcanic series and
the 148 Ma Independence dike swarm (Chen and Moore, 1979; James, 1989; Schermer, 1993).
These regions of extension are broadly coeval with and along strike of contractional structures
discussed above and provide the basis for the model of left-lateral oblique subduction presented
by Schermer (1993).
When examined as an isolated region, the similarity in timing and orientation of
structures, deformation, and coeval metamorphism in the Tiefort Mountains appear to support an
interpretation that the Middle Jurassic magmatic arc of the southern United States Cordillera was
undergoing shortening (Walker et al., 1990a,b). This intepretation requires that extension was
followed shortly thereafter by shortening, or that extension was coeval but located inboard of
shortening. These scenarios cannot be ruled out due to (1) the possibility that extensional
structures would have been destroyed by contractional deformation at amphibolite facies and (2)
so far no Mesozoic extensional structures have been found to the east of the Tiefort Mountains.
However, when integrated into the regional geologic framework that incorporates coeval
extension and shortening, the kinematics of deformation in the Tiefort Mountains also support the
idea of sinistral-oblique subduction along a northwest-trending North American margin
(Schermer, 1993).
Cretaceous Deformation
Documentation of Cretaceous deformation is becoming more widespread in the Mojave
Desert and surrounding regions (Fig. 55). Cretaceous deformation is well documented in the
eastern Mojave in the Old Woman-Piute Range (Hoisch et al., 1988; Fletcher and Karlstrom,
1990), in the northwestern Mojave at Fremont Peak (Miller et al., 1992) and the Rand Mountains
(Jacobson et al., 1988; Jacobson, 1990), in the central Mojave at Iron Mountain (Boettcher and
Walker, 1993), and in western Arizona in the Maria fold and thrust belt (Laubach et al., 1989).
Furthermore, Cretaceous deformation is documented in the back-arc regions such as the Keystone
thrust system (Burchfiel and Davis, 1981; Fleck and Carr, 1990).
Although deformation at Tiefort Mountain may be Middle Jurassic as it appears similar to
deformation at South Tiefort Mountain, it may be in part Cretaceous in age. At Tiefort Mountain,
U-Pb dating of biotite granite gneiss, interpreted to be syn-kinematic based on field observations.
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yields a Middle Cretaceous age of =105 Ma. Large uncertainties surround this age due to large
amounts of common-Pb and the resulting common-Pb corrections. Thus, it is important to note
that although 105 Ma is the preferred age, the age of this sample could be late Jurassic. Further
work on feldspars to provide a more accurate common-Pb correction should aid in the age
interpretation. The biotite granite gneiss from Tiefort Mountain is similar to peraluminous
granite described by Boettcher and Walker (1993) from Iron Mountain. Additionally, U-Pb
systematics from the granite gneiss at Tiefort Mountain are similar to unpublished U-Pb data
from the peraluminous granite (pers. comm. J.D. Walker, 1993). Based on the age of the biotite
granite gneiss and similarity to deformed granite at Iron Mountain, a Cretaceous deformational
event may be present in the Tiefort Mountains. This deformation was completed before the
intrusion of pegmatite dikes that are dated as =82 Ma. Further documentation and interpretation
of Cretaceous deformation at Tiefort Mountain requires additional field and geochronologic
analyses.
Post Mesozoic structures
Tertiary extension
The Tiefort Mountains lack any evidence for the Tertiary extension that is documented in
the Avawatz Mountains (Spencer, 1990) and elsewhere in the Mojave Desert (Dokka, 1986;
Bartley et al., 1990; Walker et al., 1990c). No Tertiary sedimentary rocks or Tertiary extensional
structures are located in the Tiefort Mountains.
Strike-slip Faulting and Block Rotation
Several workers have documented the presence of right-slip, northwest striking, post-13
Ma faults in the Mojave Desert (Dibblee, 1960; Dokka, 1983; Dokka and Travis, 1990). In the
Northern Mojave Desert, the structural style differs from the rest of the Mojave Desert. In this
region, the major faults are east-striking as opposed to northwest-striking (Jennings et al., 1962).
The presence of these regions or fault domains has led to models of reconstruction.
Reconstruction models and paleomagnetic evidence for the Mojave Desert have indicated that the
northern Mojave Desert has undergone between 0° and 60° of clockwise vertical axis rotation
(Fig. 56; Ross, 1989; Luyendyk et al., 1993). Garfunkel's (1974) simple shear reconstruction
requires no rotation of the Notheast Mojave (Fig. 56). Carter and others (1987) also developed a
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simple shear reconstruction and suggest =40° of clockwise rotation in the northeast Mojave.
Dokka and Travis (1990) suggest that the Mojave cannot be modelled by simple shear and
proposed a model partitioning the Mojave into six major domains (Fig. 56). Their domain VI
includes the Northeast Mojave Block. Dokka and Travis (1990) predict that in domain VI only
fault blocks from the southeastern portion, including the Tiefort Mountains, of the domain should
show significant rotation about vertical axes (Fig. 56). The Dokka and Travis (1990) model
predicts rotation on the Bicycle Lake Fault and on a strand of the Tiefort Mountain fault (Fig. 56).
Stephens and others (1993) reported 30-90° of clockwise vertical axis rotation between
the Tiefort and the Granite Mountains related to strike-slip faulting in the Tiefort Mountains may
be inferred from restoring possible Independence-age dikes to a regional orientation. U-Pb dating
of these dikes at Tiefort Mountain indicates that they are =82 Ma and not part of the 148 Ma
Independence dike swarm. Therefore, the dikes at Tiefort Mountain do not indicate 30-90° of
vertical axis clockwise rotation as originally reported (Stephens et al., 1993). North-northeast
trending dikes at South Tiefort Mountain are correlated with the Independence dike swarm and
still may indicate clockwise rotation of up to 60-70° after restoration to the regional northwesttrend observed in the Granite Mountains (Smith, 1962; James, 1989). An additional 30° of
clockwise rotation of Tiefort Mountain with respect to South Tiefort Mountain could be inferred
if structural elements from South Tiefort and Tiefort Mountains are considered equivalent (southsoutheast and south, respectively). Rotation between South Tiefort and Tiefort Mountains must
be accommodated prior to, or by faults other than the Bicycle Lake Fault, as paleomagnetic
analysis of Late-Miocene to Pliocene basalt localities separated by this fault does not indicate
differential rotation across the Bicycle Lake Fault (pers. comm. Schermer, 1993).
In either case restoring Cenozoic features has implications for Mesozoic deformation.
Restoring 65° of clockwise rotation at South Tiefort Mountain would indicate that Mesozoic
deformation would have been northeast-directed and orogen normal rather than the present
obliquely convergent southeast direction.
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Fig. 56 Cenozoic reconstruction models for the Mojave Desert, (a) Garfunkel, 1974 (b) Carter
etal., 1987 (c) Dokka, 1993. BLF=Bicycle Lake fault; CCF=Coyote Canyon fault;
DKSF=Desert King Spring fault; DWLF=Drinkwater Lake fault; FIF=Fort Irwin fault;
GSF=Garlic Spring fault; GLF=Goldstone Lake fault zone; PdF=Paradise fault; SBF=Sleeping
Beauty fault; SCF=Salton Creek fault; SHF=Sheep Hole fault.
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Fig. 57 Domain map of late Cenozoic strain in the Mojave Desert after Dokka and Travis, 1990
and Dokka, 1993. Shaded areas are zones of extension.
112

CONCLUSIONS
Detailed geologic mapping in the Tiefort Mountains differentiated metamorphic rocks
that have significant implications for paleogeographic reconstructions of the Southwestern
Cordillera. Precambrian augen gneiss is dated at 1399 ± 9 Ma and interpreted to represent North
American cratonal basement. Overlying the augen gneiss are metasedimentary rocks derived
from sedimentary rocks deposited along the passive continental margin of western North
America. The metasedimentary rocks are correlated with the Precambrian to Cambrian
miogeoclinal sequence of Johnnie Formation, Stirling Formation, and Wood Canyon Formation.
The presence of North American basement and miogeoclinal rocks provides evidence for the
location of the miogeoclinal-cratonal hingeline in or near the Tiefort Mountains. The
identification of miogeoclinal rocks indicates that the location of the eugeoclinal-miogeoclinal
boundary must lie to the west of the Tiefort Mountains. Thus, the location of the eugeoclinalmiogeoclinal boundary is constrained between eugeoclinal rocks mapped by Miller and Sutter
(1982) in the Goldstone-Lane Mountain region and the miogeoclinal rocks in the Tiefort
Mountains.
Penetrative deformation in the Tiefort Mountains resulted in amphibolite facies
metamorphism, penetrative mylonitic foliation, stretching and mineral lineation, and welldeveloped kinematic indicators. The age of deformation is constrained by cross-cutting
relationships and U-Pb dating of intrusive units to the Middle to Late Jurassic time. At South
Tiefort Mountain, penetrative deformation occurred before the intrusion of Independence-age
dikes (148 ± 14 Ma) and after intrusion of Middle Jurassic granite orthogneiss (178 ± 8 Ma). At
Tiefort Mountain, deformation occurred after intrusion of Tiefort Metadiorite (162 ± 8 Ma) and
before pegmatite dikes (=82 Ma). Based on the timing and regional correlations, deformation at
South Tiefort Mountain is interpreted to be part of the Middle to Late Jurassic east Sierran thrust
system (Dunne, 1986). This interpretation connects the east Sierran thrust system southwest
through the Mojave Desert from north of the Garlock fault to the south in the Cronese Hills and
then southwest to the Alvord Mountain and Iron Mountain areas.
The timing of broad, map-scale folds in the Tiefort Mountains is uncertain. These folds
do not affect the Cretaceous granite at South Tiefort Mountain or the pegmatite dikes at Tiefort
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Mountain. At South Tiefort Mountain, small-scale folds of dikes that appear to emanate from the
Cretaceous granite and intrude the 148 ± 14 Ma dikes indicate that some component of folding
postdated the Cretaceous granite.
Synkinematic granite gneiss dated at =105 Ma indicates a second, Cretaceous,
deformational event affected Tiefort Mountain. This gneiss provides the only evidence for a
second deformational event. Post-tectonic dikes yield an U-Pb age of =82 Ma.
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APPENDIX I Petrographic analysis of selected rock samples from the Tiefort Mountains
Key to Table
Ksp=Potassium feldspar
Bio=biotite
Chl=chlorite
Zir=zircon
Mus=muscovite
Di=diopside
Gar=gamet
Micr=microcline

Plag=plagioclase feldspar
Hbl=homblende
Sph=sphene
Opq=opaque
Dol=dolomite
For=forsterite
Mag=magnetite
Du=dumortierite

Qtz=quartz
Ep=epidote
Ap=apatite
Cc=calcite
Tr=tremolite
Scap=scapolite
ser=sericite
Al=allanite

x=indicates that the mineral is contained in the rock
alt=alteration mineral
tr=trace
r=replacement mineral
An(xx) = Anorthite content in plagioclase feldspar
Numbers are estimated percentages of mineral contained in the rock.
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Cretaceous Porphyritic Granite (Kgp)
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Ksp is perthitic

Comments

APPENDIX II U-Pb sample collection and analysis
Methods
Sample collection and preparation
Approximately 50 kilograms of sample were collected in the field for U-Pb analysis. The
samples were collected by breaking boulders with a 3 kg sledge hammer into 10 to 15 cm
diameter rocks. Hammers were used to remove weathered edges to minimize contamination.
Samples were bagged and shipped to Bellingham.
At Western Washington University the samples were cmshed into 2-3 cm chips using a
steel jaw crusher and then crushed to fine sand (approximately <0.7mm) using steel plates on a
disc mill grinder. The sand was washed over a Rogers table to separate heavier material from the
sample leaving approximately 3 kg of sample. This material was transported to the University of
Kansas where the sample was processed on a diamond-shaped Rogers table, separating the
heaviest material from the remaining sample. The remaining sample preparation was done at the
University of Kansas.
A hand magnet was used to separate magnetite and iron filings created by the jaw crusher
and disc mill from the sample. The non-magnetic material was sieved to remove any rock
fragments or grains larger than 180 |i,m. Methylene Iodide was used to separate heavy minerals
from any remaining light material (i.e., quartz or feldspar).
A Franz magnetic separator was used to separate the sample based on magnetic
susceptibility. Samples were initially separated at an inclination of 10° and increasing amperage
starting with 0.3 and continuing to 0.5, 0.7, 1.0, and 1.5 Amperes (A). Non-magnetic separates
were then collected at 1.5 A and inclinations of -2°, -1°, 0°, +1°, and -i-2°. The remaining +2°
magnetic fraction was also collected. When large enough, separates from the Franz were then
sieved into three size fractions of <50 |J.m, 50-74 p.m, and 74-180 |i.m. Three fractions from each
sample were selected based on size and magnetic susceptibility to be picked for analysis. Zircons
were hand picked in alcohol from each fraction based on their morphology, size, clarity, and
preservation to remove impurities. Zircons picked from the medium and coarse-grained fractions
were air polished for 2 hours after Krogh, 1982. Fractions picked for second runs were air
abraded for 12 hours.
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After picking and abrasion, zircons were dissolved in teflon micro capsules following the
methods outlined by Krogh (1973) and Parrish (1987). The samples were spiked with either a
mixed 205p5/235u or a mixed 208pb/235u spike. Pb was obtained using HBr anion column
chemistry and U was obtained using HCl chromatographic techniques.
Mass Spectrometry Analysis
Analyses were performed by Dr. J. D. Walker using a VG Sector multicollector thermal
ionization mass spectrometer. A mass fractionation correction of 0.10%±0.005%/amu, as
determined by standard runs on NBS 981 (common lead) and NBS 982 (equal atom lead), was
applied to the lead data. A Daly multiplier was used to reduce errors on 206Pb/204Pb
measurements. Those errors are typically on the order of 1% or less. Errors for 206Pb/204Pb
were reduced further on samples spikes with 205Pb by using a dynamic Daly calibration after the
technique of Roddick et al. (1987, p. 115). Common lead corrections were made using values
determined from Stacey and Kramers (1975) for the interpreted crystallization age.
Zircon Description
Introduction
Three fractions were selected from each rock unit to be processed on the mass
spectrometer based on quantity of sample, magnetic susceptibility, and size. Zircons were hand
picked from each fraction based on their size, color, and shape to process the cleanest grains. All
picked fractions were non-magnetic samples at 1.5 A and varying degrees of inclination
represented by the degree in the descriptions.
Tiefort Metadiorite TUL-922
Sample TUL-922 was collected at Latitude 35.301°N and Longitude 116.532°W on the
north side of Tiefort Mountain (Plate IV). The Tiefort Metadiorite intrudes metasedimentary
rocks and occupies the eastern portion of Tiefort Mountain. The Tiefort granite, biotite granite,
Cretaceous granite, and pegmatite dikes all intrude this unit. Not all of the separates from this
sample yielded enough material to be fine sieved. The fractions picked for analysis contained a
large percentage of apatite. To remove the apatite before zircon selection, the fractions were
immersed in phosphoric acid and placed on a hot plate at 200° C for approximately 1 hour. The
zircons were then washed and dried for picking. Fractions 1, 2, and 3 were air abraded for 2
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hours, and fractions 4 and 5 were abraded for 12 hours. Fractions 4 and 5 were air abraded before
hand-picking the zircons to be processed.
Fraction 1 was non-magnetic at 0° inclination. The fraction consists of 50-74 p,m, clear
grains that rarely have one euhedral end. Typically both ends are fractured, and fractures are
often observed cross-cutting the interiors of grains. A very few grains contain opaque inclusions.
Fraction 2 was non-magnetic at +1° inclination. The fraction consists of 50-74 |xm, clear
grains. Approximately 2% of the grains are double terminated with slightly rounded or partially
fractured ends. Approximately 5% of the grains have one euhedral end and one fractured end.
The remaining grains have both ends fractured. Only 5% of the grains contain fractures cross
cutting the interiors of grains. A few grains (10%) contain clear, round inclusions.
Fraction 3 was non-magnetic at 0° inclination. The zircons are <50 pm and highly
variable. All of the material obtained from this fraction was used in the analysis because of small
sample size. Approximately 15% of the grains are colourless with fractured ends and few to no
inclusions. About 40% of the grains are colourless and partially fractured internally. The
remaining 45% of the fraction consists of highly fractured grains that have irregular grain
boundaries. Some zircons from the fraction shattered when pinched by foreceps. These are
generally dark as they are completely fractured. All grains that contained yellow, orange, or
green cores were removed from the sample to be analyzed.
Fractions 4 and 5 were air abraded before picking grains. Fraction 4 was non-magnetic at
0° inclination and Fraction 5 was non-magnetic at 1° inclination. Both fractions consisted of
grains between 50 and 74 pm. The grains that were picked were rounded from abrasion and were
typically inclusion free.
Biotite Granite TUL-931
Sample TUL-931 was collected at Latitude 35.282°N and Longitude 116.507°W on the
south side of Tiefort Mountain (Plate IV). The biotite granite is a lenticular shaped unit that
intrudes the Tiefort Metadiorite (sample TUL-922) and is interpreted to be syn-kinematic. This
sample yielded a large amount of zircon for each of the non-magnetic fractions. Initial analyses
indicate that the rock contains a very large amount of common lead. In order to obtain a better
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common lead correction, feldspars are being processed for their lead content. Fractions 1, 2, and
3 were air abraded for 2 hours, and fractions 4 and 5 were abraded for 12 hours.
Fraction 1 was non-magnetic at 0° inclination. The fraction consists of euhedral, 50-74
p,m, colorless to slightly pink or yellow grains with aspect ratios primarily of 3:1. Approximately
40% of the grains contain very small, round, clear and opaque inclusions.
Fraction 2 was non-magnetic at -1° inclination. The fraction consists of doubly
terminated, euhedral, 50-74 pm, colorless grains with aspect ratios primarily of 3:1 (95%) and 4:1
(5%). The majority of the grains (80%) contain small, round, clear inclusions. Approximately
45% of the grains have one slightly rounded end, and approximately 10% have one partially
broken end.
Fraction 3 was non-magnetic at -1° inclination. The fraction consists of <50 pm, clear,
euhedral grains with slight rounding on the edges common. Ubiquitous clear inclusions are
typically rounded, but oblate and lenticular shapes are also present. Approximately 10% of the
grains contain small internal fractures.
Fraction 4 was non-magnetic at -1° inclination. The fraction consisted of doubly
terminated, 50-74 pm, colorless, euhedral grains. Oblate clear and opaque inclusions occurred in
approximately 80% of the grains.
Fraction 5 was non-magnetic at 0° inclination. The fraction consisted of <50 pm, clear,
doubly terminated, euhedral grains. Typical aspect ratios for the sample were 3:1, and the grains
rarely contained very small clear inclusions.
Pegmatite dikes from Tiefort Mountain TUL-921
Sample TUL-921 was collected at Latitude 35.302°N and Longitude 116.534°W on the
north side of Tiefort Mountain (Plate IV). The dike trends N65E and is part of a ENE-trending
dike complex that intrudes the Tiefort Metadiorite and cross-cuts stmctural fabrics at Tiefort
Mountain. This unit yielded only a small amount of zircon. The sample was separated into three
fractions with the Franz magnetometer, +2° magnetic, +2° non-magnetic, and 0° non-magnetic
fractions. These separates were not large, and thus, not sieved into size fractions. All three
fractions analyzed were taken form the +2° non-magnetic fraction and were hand picked for size.
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shape, and clarity. None of the fractions picked were air abraded. Enough monazite was
obtained using the Franz for a fraction to be picked at a later date.
Fraction 1 consists of euhedral, colorless grains with aspect ratios primarily (90%) of 4:1.
The remaining grains have equal amounts of 5:1 and 3:1 aspect ratios. The majority of grains are
<50 p,m, but grains with lengths of 100-125 |i.m are present. Approximately 10% of the grains
contain very small, round to oblate, opaque inclusions.
Fraction 2 consists of grains sizes <50 |i,m to 150 pm. The majority of grains (90%) have
one or both ends well preserved. When only one end is euhedral, the other is typically a sharply
fractured end. The majority of grains are clear (95%) with only a few having a slight yellow or
orange tinge to them. Tinted grains have both ends well developed. Inclusions are present in
approximately 60% of the grains. The inclusions are typically rounded and are both clear and
opaque. Internal fractures are uncommon but present in approximately five percent of the grains.
Fraction 3 varies in size from 50 pm to 180 pm. These grains typically have fractured
ends yielding a rectangular appearance. Only 20% of the grains have 1 or both ends preserved,
and these range from pointed to slightly rounded. Approximately 20% of the grains have
fractured sides and/or internal fractures. Half of the grains are clear or clouded and the other half
have a yellow or orange tint. Inclusions are nearly ubiquitous (95%). These vary from circular to
oblate, small to quite large (approximately 50% of the grain), and clear to yellow or orange and
opaque.

